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 Magnetic tunnel junctions (MTJ) show great promise to become the next 
candidate for magnetic data storage devices like the hard disk and magnetic random 
access memory. This is due to their sensitivity to low magnetic fields, non-volatility as 
well as radiation hardness. The common structure of a MTJ consists of two ferromagnetic 
layers sandwiching a thin insulating layer. The common ferromagnetic materials used 
include Ni80Fe20 and Co.  
 
 In this project, the metal Ta was examined to determine its suitability as the base 
contact of the MTJ. It was found that Ni80Fe20 gives a smoother film than Ta, thus 
discounting the use of Ta as the base contact. The alloy Co-Ta was also examined to 
determine its suitability to be part of the tri-layer structure. It was found that the Co-Ta 
film exhibits vastly different magnetic properties when doped with different 
concentrations of Ta. The coercivity of Co-Ta films initially increases with the increase in 
Ta ratio, but once the concentration reaches 15%, the coercivity decreases rapidly until 
around 10 Oe. It was found that the changes in magnetic properties of the Co-Ta films are 
due to many contributing factors. The factors are namely grain size changes, presence of 
different crystal orientations, different degrees of crystallinity as well as different 
magnetic domain configurations. The variation in coercivity of the Co-Ta material 
suggests a possibility of using it to replace Co as the top electrode to complement the 






 MTJ devices of Ni80Fe20/Al2O3/Co tri-layer were fabricated using shadow masks. 
The devices show a large dependence on the shape of the electrodes. It was found that the 
orientation of the top electrode is critical in giving a better magnetoresistive response. 
Subsequently, another batch of devices was fabricated using a different set of shadow 
masks in order to reduce the shape anisotropic effects. This has succeeded to a certain 
extent in that the switching fields of the electrodes are much lower compared to the 
previous batch. A third batch of devices using Co-Ta as the top electrode was fabricated. 
It was found that MTJs using this material still exhibit tunneling characteristics, but 
however, the magnetoresistive ratio was lower than when only Co was used. This was 
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The invention of paper by the Chinese represented a great step forward for the 
human race in their pursuit of knowledge. It allows us to record our observations and 
findings, and provided us an avenue to communicate with one another more easily. 
However, with the explosion of knowledge brought about by the present technological 
age, it is no longer efficient to store information on paper alone. Data storage devices thus 
are important to help us store and retrieve data more easily and economically. This helps 
to facilitate mankind’s quest for knowledge. 
 
There are many different data storage devices available, from magnetic tapes, 
compact disks and magnetic hard disks. Each has their own advantages and 
disadvantages, but the hard disk remains the most popular data storage device, because of 
its storage capacity and speed of access. With research going into storage density of 
tetrabit/in2, hard disk will remain as our main data storage device for the foreseeable 
future. 
 
Conventional hard disk head uses an inductive element to detect magnetic changes 
in the hard disk media. However, this inductive element needs to be magnetized by 
existing flux in the media, and hence places a limit as to the size of the magnetic domains 
that can be read. By contrast, a magnetoresistive (MR) head senses the existing flux in the 




hard disk, and is therefore much more sensitive, and allows for a larger capacity hard 
disk. 
 
One of the more promising MR sensors is the magnetic tunnel junction (MTJ), 
which comprises of two ferromagnetic layers sandwiching a thin insulator (FM/I/FM). 
Besides being small, MTJ is sensitive, non-volatile and resistant to radiation. These 
qualities enable it to be employed as magnetic random access memory (MRAM), read 
head sensors, large arrays of sensors for imaging and ultra-low-field sensors.  
 
Julliere[1] first reported MR effects at 4.2 K of about 14% MR ratio for a Fe/Ge/Fe 
and Fe/Ge/Co junction in 1975. Since then, the interests in MTJs subsided due to the 
technical difficulties in making high quality barriers. It was not until some 20 years later 
that this obstacle was cleared due to advancement in deposition techniques. As of now, a 
MR ratio of 58.8% was reported[2] by a group of Japanese researchers using a 
Ta/Cu/Ta/NiFe/Cu/MnIr/CoFe/AlO/CoFe/NiFe/Cu/Ta structure with the barrier being 
plasma oxidized using a mixed inert gas of Kr-O2. This represents a four-fold increase in 
MR ratio from Julliere’s experiments, and the number of layers used has also increased 
by nearly 4 times.  
 
Although the improvements in deposition techniques have played an important 
part in developing MTJ devices of higher sensitivity, design structure improvements have 
also played a major role. The introduction of anti-ferromagnetic materials into the MTJ 
structure is a good example. The improvement in surface roughness of the films is also 
critical. In this area, the use of tantalum has helped to reduce surface roughness as well as 




inducing the required crystal structure for the anti-ferromagnetic film. In addition, the 
choice of ferromagnetic layers that are used in the MTJ structure determines the 
sensitivity of the device.  





The objectives of this project centers around the use of tantalum in the fabrication 
of MTJ devices: 
 
1) Design shadow and photo masks for the fabrication of MTJ devices. 
2) Explore the use of tantalum as part of the base contact of the device 
3) Explore the possibility of using a new ferromagnetic layer for the fabrication of 
MTJ devices. 




1.3 ORGANISATION OF THESIS 
The thesis is divided into six main chapters, as detailed in the Table of Contents  
 
Chapter 2 discusses the theory on magnetoresistance, including anisotropic, giant 
and tunneling magnetoresistance. In addition, there will be a review on some of the works 
done on MTJ by other researchers. This section includes work that are investigated on the 
materials used in the MTJ as well as work done on the device proper. The motivation for 
the project is also included here. 
 
Chapter 3 will focus on the various experimental techniques and equipment used 
in this project. The theory on some of the more heavily used equipment will be presented. 
 
Chapter 4 discusses on the materials used in the MTJ. These include Ni80Fe20, Co, 
Al2O3 as well as Co-Ta alloy. The main focus will be on Co-Ta, in which in-depth studies 
on its magnetic properties were made.  
 
Chapter 5 examines the devices made using shadow mask patterns. It will include 
the measurement results of a Co/Al2O3/Ni80Fe20 structure as well as a Co-
Ta/Al2O3/Ni80Fe20 structure. 
 
The last chapter, Chapter 6, concludes this thesis by examining the problems faced 
during the course of this project, as well as providing future directions for this area of 
research. 
 





[1] M. Julliere, Phys. Lett., 54A, 225, (1975). 
[2] M. Tsunoda, K. Nishikawa, S. Ogata and M. Takahashi, Appl. Phys. Lett., 80, 3135, 
(2002). 
 





THEORY AND REVIEW 
 
2.1 Introduction 
 The resistivity of a metal is dependent on its inherent impurities and defects which 
cause electron scattering. The change of this resistance in the presence of an applied 
external magnetic field is termed as magnetoresistance (MR). For most metals, this effect 
is very small, usually within the order of 5%[1]. The origin of this effect stems from the 
fact that the trajectory of an electron changes in the presence of a magnetic field, as 
described by electromagnetic theory[2]. As such, this effect is more pronounced in 
ferromagnetic materials, and all MR devices use ferromagnetic materials in some form. 
 
 Depending on the ways ferromagnetic materials are employed, different MR 
effects will occur. In this chapter, we will discuss the more important phenomena 
associated with MR effect: anisotropic magnetoresistive (AMR), giant magnetoresistive 
(GMR) and tunneling magnetoresistive (TMR) effects. These will be illustrated in detail 
in the following sections.  
 
 After the discussion on the various theories, we will review some of the work 
done by other researchers. 




2.2 Anisotropic Magnetoresistive (AMR) Effects  
 Anisotropic magnetoresistance (AMR) can be observed in any known 
ferromagnetic material. The AMR effect is the variation of the resistivity with the 
orientation between an external magnetic field and the current applied through the 
ferromagnetic film[3].  
  
 One of the more commonly used materials where AMR effects are observed is the 
permalloy (NiFe). As such, we illustrate the AMR effects with a permalloy film. 
                                 






b) External field applied 
Figure 2.2.1: Schematic showing AMR effects under a) no external field and b) external field H  
 
 From figure 2.2.1 above, we can see that the magnetization M of the permalloy 
film is influenced by the application of a magnetic field H. In general, the resistivity of 
the permalloy film will vary as the angle between the applied magnetization and the 
















Figure 2.2.2: Variation of magnetoresistance with angle Ө of magnetization field and current 
  
The AMR effect finds applications in the hard disk industry, where the permalloy 
material is used in the MR read head of the hard disk. However, due to the small 
sensitivity of AMR effects, many modifications are needed in order for the material to be 
successfully implemented in the hard disk[4]. 




2.3 Giant Magnetoresistive (GMR) Effects 
Baibich et al first reported the GMR effect in Fe/Cr multi-layers in 1988[5], in 
which the resistivity of the multi-layered structures is very low at external fields high 
enough to saturate the layers, as compared to the resistivity in the absence of an external 
applied magnetic field. They found that the resistance of the multi-layer structures 
changes by as much as 50% at low temperatures. This discovery is extremely astonishing 
when compared to AMR effects which show at most a 5% change in MR.  
 
Since the discovery of the GMR effect, many other ferromagnetic/non-magnetic 
multi-layer structures have been examined and found to exhibit GMR effects. It was 
found that in order for these structures to exhibit GMR effects, 2 conditions have to be 
fulfilled[1]: 1) the relative orientations of the magnetization in adjacent magnetic layers 
must be changeable; and 2) the thickness of the films involved must be a fraction of the 
mean free path of an electron in the multi-layer system. The first condition is met by 
inserting a non-magnetic spacer between the ferromagnetic layers to help them achieve 
independent rotation of their magentizations. The second condition requires precise 
deposition techniques in order to ensure a thin film of less than 2 nm.  
 
 GMR effects arise because of spin-dependent scattering either at the interfaces of 
the ferromagnetic/non-magnetic metals or inside the ferromagnetic metal layers. This 
phenomenon can be better understood with the help of figure 2.3.1. 





Figure 2.3.1: Schematic diagram showing scattering conditions at a) No external magnetic field and b) 
External magnetic field and into saturation 
  
Figure 2.3.1 presents a schematic picture of the multi-layers in two different 
configurations: a) anti-parallel and b) parallel. As the resistivity of a ferromagnetic film is 
a measure of the ease of flow of electrons. If there are strong scattering processes, we will 
expect the mean free path of and electron to be small and consequently, the resistance to 
be high. Conversely, weak scattering processes will result in long mean free path and 
hence, lower resistance.  
 
Under normal conditions where there is no external magnetic field applied to the 
system, the two Fe layers are aligned anti-parallel due to RKKY coupling[5], as shown in 
Figure 2.3.1a, resulting in majority of electrons in adjacent layers having opposite spins. 
A spin ‘up’ majority electron in one layer will encounter strong scattering both at the 
interfaces and within the ferromagnetic layers as it tries to traverse to another layer, as the 
majority of the electrons at adjacent layers are spin ‘down’ electrons. We would then 
expect a high resistance from this configuration. When we saturate the structure with a 
high external magnetic field, the magnetizations of the two ferromagnetic layers will 
Fe Fe Fe FeCr Cr 
b) External magnetic field and 
into saturation 
a) No external magnetic field




align themselves to the direction of the applied field. This will result in a parallel 
configuration as shown in figure 2.3.1b, with the majority of electrons in all layers having 
the same spin orientation. Consequently, a spin ‘up’ majority electron in one layer will 




Figure 2.3.1: Magnetoresistance of three Fe/Cr superlattices at 4.2 K. The current and applied field are 
along the [110] axis in the plane of the layers[5] 
 
 The effects of scattering for the parallel and anti-parallel configurations are 
displayed in figure 2.3.2. At magnetic fields higher than 20kG, the resistance of the Fe/Cr 
superlattice is small since this is the parallel configuration. At fields smaller than 20kG, 
the anti-parallel configuration steps in, resulting in a large change of magnetoresistance. 




 The GMR effects find applications as the sensor element in a MR “read” head[1], 
where the use of GMR sensors can help to reduce the size and also to increase 
dramatically the storage capacity of present hard disk systems.  




2.4 Tunneling Magnetoresistive (TMR) Effects 
Julliére first observed TMR effects in 1975 when he measured the conductance of 
Fe/Ge/Pb and Fe/Ge/Co structures with the semiconductor layer oxidized[6]. He studied 
the conductances of the structures when the two ferromagnetic films are parallel and anti-
parallel, and found that the conductance is higher at the parallel state than the anti-parallel 
state. He attributed the phenomenon to the tunneling of electrons through the oxidized 
semiconductor barrier, and developed a theoretical analysis of the TMR effects. This 
ferromagnetic/insulator/ferromagnetic (FM/I/FM) structure is later termed as a magnetic 
tunnel junction (MTJ).  
 
 
Figure 2.4.1: Energy band diagrams of FM/I/FM systems. D(ε) denotes the density of states and dashed line 
represent the Fermi levels. The spin-up band is split from the spin-down band due to exchange interaction. 
It is assumed there is no spin flipping[4]. 
 
Figure 2.4.1 shows the energy band diagrams of the FM/I/FM structure. A 
volatage difference across the barrier will allow electrons, which have uneven spin 
distribution at the Fermi level, to tunnel from electrode 1 to electrode 2 through the 




barrier.  In his model, Julliére assumed that the spin of an electron is conserved after 
tunneling, and defined the spin polarization p of the ferromagnetic material[1] as: 
 p = a↑ - a↓ = 2a↑ - 1      …(2.4.1) 
where a↑ and a↓ are the fractions of spin-up and spin-down electrons respectively. If we 
consider the band structure shown in figure 2.4.1 above, we can also express: 
  a↑ ∝ D↑ (εF) ∝ k↑F, 
  a↓ ∝ D↓ (εF) ∝ k↓F      …(2.4.2) 
where D↑ (εF), D↓ (εF) are the density of spin-up and spin-down states respectively, and 
k↑F, k↓F are the Fermi spin-up and spin-down wavevectors . Therefore, the spin 
polarization can alternatively be written as: 
  p = (k↑F - k↓F) / (k↑F + k↓F)     …(2.4.3) 
which is a good approximation for parabolic tunneling electron band when the barrier 
height is much higher than the Fermi level, assuming that there is no spin-flipping after 
tunneling. 
 
The tunneling current at the parallel state, Ip, is given by: 
  Ip ∝ a↑1a↑2 + a↓1a↓2 
      = (1 + p1p2) / 2      …(2.4.4) 
where a1, a2 represent the fraction of electrons in the first and second electrode 
respectively, and p1, p2 are the spin polarizations of the two ferromagnetic layers. 
Similarly, the tunneling current at the anti-parallel state, Iap, can be expressed as: 
  Iap ∝ a↑1a↓2 + a↓1a↑2 
       = (1 - p1p2) / 2      …(2.4.5) 
The TMR ratio can then be conveniently expressed as  




(Ip – Iap)/Iap = (Gap – Gp)/Gap = 2p1p2 /(1 - p1p2)   …(2.4.6) 
where Gap, Gp are the conductance of the system for the anti-parallel and parallel 
alignment respectively. 
 
 Julliére’s model was refined later by J. C. Slonczewski[7]. In his model, he 
assumed that the two ferromagnetic layers behave as free electrons, and he took into 
account the dependence of effective spin polarization on the barrier height and thickness, 
a previously ignored factor in Julliére’s model. 
 
 In the free electron model, the longitudinal part of the effective one-electron 
Hamiltonian can be written as: 
 Hξ  = 
2
1− (d/dξ)2 + U(ξ) – h(ξ).σ     …(2.4.7) 
where the 1st term is the kinetic energy, the 2nd term is the potential energy and the third 
term is the internal exchange energy with -h(ξ) being the molecular field and  σ the 
conventional Pauli spin operator. 
 
 The key result of Slonczewski’s model is the introduction of a new term which 
determines the effective spin polarization of the FM/I/FM system, which is given by: 
  p = {(k↑ - k↓) / (k↑ + k↓)} x {(κ2 -  k↑k↓) / (κ2 +  k↑k↓)} …(2.4.8) 
where k is the electron momentum and iκ is the imaginary electron momentum. The 1st 
term is the original spin polarization in equation 2.4.3, and is now modified by a 2nd term 
known as the interfacial factor which has a value between ± 1. The conductance of the 
FM/I/FM system, which takes into account imperfections, now takes the form of: 
  G = Go(1 + p1p2cosθ)      …(2.4.9) 




where Go is the conductance of a perfect magnetic valve and p1, p2 are the effective spin 
polarizations of the two electrodes as given in equation 2.4.9.  If we take θ = 0˚ for the 
parallel configuration and 180˚ for the anti-parallel configuration of the system, we can 
derive the TMR for the system as: 
  ∆G = Gp – Gap = 2Gop1p2     …(2.4.10) 
  TMR = ∆G/Gap = 2p1p2 /(1 - p1p2)    …(2.4.11) 
which is the same as Julliére’s model but with an effective spin polarization. 
  
An MTJ employing TMR effects has potential in magnetic random access 
memory (MRAM)[8], as shown in figure 2.4.2. The MTJ devices are placed in a matrix 
with conducting wires sandwiching them. In order to read from a MRAM, a current is 
passed to the Word line and voltage measurements are made from the corresponding Bit 
line. In the example shown, the red coloured MTJ is being read. For writing a ‘0’ or ‘1’ in 
the MRAM, currents are passed in both the Word and Bit lines. The magnetic fields thus 
generated will be able to switch the MTJ into either a parallel or anti-parallel 
configuration, which, depending on the convention used, will represent a ‘0’ or a ‘1’. 
 
Figure 2.4.2: Schematic of MRAM device 




However, MRAMs employing MTJ as the sensor present many manufacturing 
obstacles, due to the thin insulating barrier and high MR ratio needed, as the access time 
is dependent on the square of the magnetoresistance. It is, however, superior to 
conventional semiconductor dynamic random access memory (DRAM) through its non-











2.5 Review of work done on materials used in MTJ 
There was a lapse of two decades since the discovery of TMR effects in  
FM/I/FM structures by Julliére in 1975[6] before interests in this field were revived. This 
is due primarily to the difficulty of fabricating thin films of high quality to obtain 
sufficiently high MR values, resulting in little interests in this feild. However, with the 
advancement in deposition techniques, and its potential in MRAMs, interests in MTJ have 
reached unprecedented levels.  
 
 A seed layer, usually Ta or Ni80Fe20, is often used by researchers in the fabrication 
of the MTJ. The seed layer is commonly used when an anti-ferromagnetic (AFM) layer is 
to be added to the device, as it helps to ensure desired crystal orientations for the AFM as 
well as subsequent layers[9]. It also provides lattice matching between the substrate and 
the electrodes used, thus ensuring smoother deposited films[10,11]. Ta and Ni80Fe20 are thus 
used in this project as seed layers for the device.   
 
 There are only a small number of ferromagnetic materials available, and as such, 
had been extensively investigated. In addition, many alloys of two ferromagnetic 
materials have also been studied. The common configurations favoured by researchers 
include CoFe/NiFe[12,13,14], Co/Fe[15,16,], Co/NiFe[16,17,18] and Co/CoFe[19,21]. Co is 
especially favoured as it has high spin polarization, thus enabling high TMR to be 
produced. 
 
 With regards to the tunnel barrier that is to be used, many researchers have 
investigated different types of oxides as well as the oxidation methods. In particular, 




Al2O3 has been the most commonly used[12-21]. This is because Al gives uniform coverage 
and is easily oxidized. Other barriers such as TaO[22], NiO[23], MgO[24], HfO2[25] and 
SrTiO3[26] had been examined, but were found to be less suitable. However, a recent 
publication[18] by B. G. Park and T. D. Lee found that there is enhanced TMR by inserting 
a Hf layer into the Al2O3 tunnel barrier. 
 
 Many methods of oxidizing Al were examined. Among them includes in-situ 
thermal oxidation[27], RF sputter etching in Ar/O2 plasma[28], plasma oxidation in pure 
oxygen ambient[29], 2-step RF plasma oxidation[30] and ultraviolet light assisted 
oxidation[31]. It was found that all the above mentioned methods produced sufficiently 
good tunnel barrier allowing for high MR ratios to be obtained.  




2.6 Review of work done on MTJ 
Much work had been done on the properties of MTJ devices at various 
experimental conditions as well as under different modifications to the devices. Among 
them, the most notable experiments are 1) Temperature dependence, 2) Bias voltage 
dependence and 3) Exchange biasing dependence. The temperature and bias voltage 
dependence of MTJ are interlinked. As such, we will discuss the two factors together. 
 
Many researchers have studied the temperature and bias dependence of MTJ 
carefully. Zhang[32], Lu[33] and Chang[34]  have all made careful and detailed studies of 
these factors. Zhang et al compared the MR of the devices at 210K at 4.2K with different 
DC bias voltage applied to them. The MR ratio increases with a decrease in temperature.  
Under DC bias, the resistance was found to decrease with the increase in bias voltage. 
However, at lower temperatures, the decrease is more pronounced, leading to a cusp-like 
peak at zero-bias, which was termed by them as zero-bias anomaly. The researchers 
attributed this feature as a result of spin excitations at the electrode-barrier interface. 
 
Lu et al similarly examined the above factors, through a variety of MTJ devices 
made using different electrodes. In their paper, they found that the bias dependence of the 
devices was different for different MTJ devices. They proposed that the bias dependence 
of MTJ devices is dependent on the material of the negatively biased electrode, which is 
consistent with the band-structure effect.  Another possibility proposed by them was the 
differences in electrode-barrier interface. 




The third group of Chang et al proposed a modification to the earlier theories 
developed by Julliére[6] and Slonczewski[7] by introducing a second unpolarized spin-
independent conductance to equation 2.4.9 as: 
G = Go(1 + p1p2cosθ) + GSI     …(2.6.1) 
where GSI is the new term added. Go and p are both temperature dependent, as is GSI. It 
was found that the GSI is proportional to Tγ, where γ is in the range of 1.35± 0.15. The 
TMR term is now: 
  TMR = 2p1p2 /(1 - p1p2 + GSI/Go)    …(2.6.2) 
As GSI has a higher dependence of temperature than the rest of the terms, the effective 
TMR is smaller than that predicted by Julliére’s model. It also helps to explain the 
increase in MR and decrease in junction resistance with a decrease in temperature. 
 
 Sato et al[35] attempted to improve the anti-parallel alignment of the magnetization 
in one of the electrodes by placing a FeMn layer at the top of the MTJ tri-layer. They 
reported an improvement in the TMR ratio obtained. In addition, the group also annealed 
the junctions at temperatures beyond 480 K, and found that annealing gave higher TMR 
ratios than expected.  
 
 Recently, a group of researchers of Z. G. Zhu et al[36] examined the effects of spin-
flip scattering on the electrical transport of MTJs. The occurrence of inverse TMR effects 
in MTJs was believed to originate from the electronic states at the interface between a 
ferromagnetic layer and an insulator. The presence of these states could give rise to a 
larger density of states in the minority spin band compared to the majority spin band at 




the Fermi level. However, the group explained convincingly that spin-flip scattering 
could also explain the occurrence of inverse TMR.  





 A review of the various work done on the materials used in MTJs reveal that only 
ferromagnetic materials or their combinations are used. A non-magnetic-ferromagnetic 
alloy was not considered for use. It would thus be informative if a suitable non-magnetic-
ferromagnetic alloy can be found to be of use in the fabrication of magnetic tunnel 
junctions. 
 
 As mentioned previously, Co is a commonly used ferromagnetic material because 
of its high spin polarization. As such, the alloys that we have for consideration would 
have Co as its main constituent. Alloys of Co such as Co77Cr20Ta3[37], CoCrTa[38] and 
CoCrTaPt[39] have been investigated and used in thin film media. A simpler alloy of CoAl 
was investigated by several parties[40,41,42], and was found to have different magnetic 
properties at different percentages of Al added. Since Ta was used as the seed layer, and it 
is known to be able to obtain smaller grain sizes when added to other elements, there is 
potential in incorporating Ta into Co in order to obtain smoother surface for better 














In this chapter, we have reviewed several MR phenomenon ranging from 
AMR(small MR ratio) to TMR(medium MR ratio) to GMR(large MR ratio). We have 
also reviewed several areas of work in the field of MTJs. The next chapter will detail the 
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Theory and experimental work come hand in hand. Experimental results serve to 
validate theoretical predictions. This section outlines the various experimental methods 
and equipment used throughout the project.  
 
 There are many experimental steps involved in the completion of this project. The 
main issues concern the fabrication of films and devices as well as the characterization of 
these samples. Fabrication of the samples involves many equipment and techniques which 
will be discussed in the section 3.2. The characterization of the samples, likewise, 
involves many equipment and will be presented in section 3.3. 
 
 The fabrication phase consists of a few steps namely: Cleaning, Lithography, 
Deposition and Lift-off. The equipment used for the fabrication process include: Spin 
Coater, Mask Aligner, Sputter machine and E-Beam/Thermal Evaporator. 
 
 The characterization part involves several measurement setups. For the 
characterization of thin films, equipment like Alpha Step Profiler, Vibrating Sample 
Magnetometer (VSM), Scanning Probe Microscopy (SPM), Transmission Electron 
Microscope (TEM) and X-Ray Diffractometer (XRD) are used. For the characterization 




of devices, the Wire Bonder and Four-point DC measurement setup are utilized. These 
setups will be presented in section 3.3. 




3.2 Fabrication Techniques and Equipment 
As mentioned in section 3.1, there are many fabrication steps involved and many 
equipment used. In this section, descriptions of the various fabrication steps and 
equipment are given. The fabrication process is summarized in figure 3.2.1 below. 
 
Figure 3.2.1: Flow chart of fabrication process 
 
The fabrication process above is used when patterned samples are needed. For 
samples without patterns, steps 2 and 4 are ignored. Usually, four cycles are needed to 
fabricate the device. 
 
3.2.1 Types of substrates 
Many different types of substrates were used in this project, which include glass, 
undoped silicon <100> and undoped oxidized silicon <100> samples. The glass substrates 
were cut from a piece of 20 mm x 20 mm glass into size of 10 mm by 10 mm. The silicon 
substrates were obtained from a 2” wafer diced in the MOS Laboratory using an 
automated wafer dicing machine.  
1) Preparation











a) Resist removal 





The samples have to be properly cleaned before deposition in order to prevent 
contamination. The samples are first placed in a beaker containing acetone. The beaker is 
then placed in an ultra-sonic bath for 20 minutes under high agitation. This process helps 
to remove organic contaminants in the samples. Subsequently, the samples are transferred 
to another beaker containing iso-propanol (IPA) and are also agitated in the ultra-sonic 
bath for a further 20 minutes. This is to remove acetone from the previous process.  
 
After the cleaning is done, the samples are blown dry using nitrogen gas gun and 
then placed in an oven to be baked at 90°C for about 5 minutes to remove the inherent 
moisture. The samples are then ready for the deposition. 
  
3.2.3 Lithography 
Lithography is a commonly used technique to transfer patterns[1]. There are many 
different types of lithography techniques, the more common ones being X-ray, electron, 
ion and optical. Optical lithography is being employed here to imprint simple patterns on 
the substrates. The steps involved in lithography are depicted in figure 3.2.2. 
 






Wafer Acetone, IPA cleaning
Wafer
Photo Resist Spin: 5000 rpm for 30s 
Bake: 90°C for 30 mins 




















Figure 3.2.2 Flow Chart of Fabrication Process 
 
The basic principle of optical lithography involves exposing a resist-coated 
sample under a ultra-violet (UV) source over a mask covering the sample. Depending on 
the nature of the resist, the UV radiation will make the exposed resist either more or less 
soluble in an alkaline solution known as developer. The exposed or unexposed part will 






Wavelength: 365 nm 
Energy/Unit area: 110 mJcm-2 




Time: 50-55 secs 
Photo Resist Sputter or evaporate film 




Film Lift-off using acetone and 
later wash with IPA 




 Positive photo-resist is used for this project, in which exposed resist becomes 
soluble in the developer. The advantage of positive resist over negative resist is that it 
offers a better resolution. The samples or wafers are first coated with a uniform layer of 
about 2 µm of AZ 7220 photo-resist by first spin coating at 5000 rpm for 30 seconds. 
They are then placed in an oven to be baked for 30 minutes at 90°C and are then ready for 
exposure. 
 
 The aligner used for this project is the Karl Suss MA 6 Mask Aligner which 
utilizes UV radiation of wavelength 365 nm at constant power of 300 W. The energy per 
unit area used is 110 mJcm-2.  The contact mode used is the vacuum contact, which 
provides the best contact between the mask and the samples. After exposure, the samples 
are dipped for a period of 50-55 seconds in a MIF 300 developer solution, which is pre-
mixed with de-ionized (DI) water at a ratio of 3:1. The samples are then immediately 
quenched in large volume of DI water to stop the developing process. Subsequently, the 
samples are blown dry using nitrogen. This development process results in slightly over-
developed samples. This is to ensure that the ensuing patterns are free from photo-resist.  
The samples then undergo post-baking at 90°C for 5 minutes to remove excess moisture. 




 We have now reached the heart of the experimental work. The success of device 
fabrication depends greatly on the quality of the deposited film. Inevitably, the choice of 
deposition equipment and procedures will play an important role. 




 Deposition[2] may be considered as 6 sequential sub-steps: 1) transformation of the 
source target from inanimate to mobile, 2) transport of target materials to the intended 
recipient, 3) adsorption of the materials on the surface of the substrate, 4) nucleation of 
the film species, 5) development of morphology of the film, and 6) diffusional 
interactions among the film species as well as the substrate. The completion of these six 
steps will result in a thin film being deposited on the substrate. 
  
The machines used for deposition are KVT EV 2000 Evaporator and Cryovac 
Sputtering Machine. As the deposition mechanisms for the two systems are different, we 









Figure 3.2.3: Schematic of KVT EV 2000 Thermal/E-Beam Evaporator 
 Evaporation is done at a vacuum of ≤ 8 x 10-7 Torr in a vacuum chamber. Figure 
3.2.3 shows the evaporator system used. It can hold up to three substrate holders which 
can hold substrates of various sizes. Wafers can also be attached to the substrate holders 
by sticking them to the holders with Krapton tape. The substrate holders can be rotated 






















Two methods of vaporizing the materials are available: Thermal and Electron 
Beam (E-Beam). For Thermal evaporation, the materials are placed on a ‘boat’ and a high 
current is passed through the boat to melt the materials. There are two types of boats 
available, namely Tungsten (W) and Molybdenum (Mo). The type of boat to be used 
depends on the material to be deposited, with the Mo boats being able to withstand higher 
temperatures.  
 
For E-Beam, a beam of highly energized electrons is focused on the materials, 
which are placed in a crucible, to melt them. A total of six crucibles can be placed in the 
evaporator. As such, a total of six different materials can be evaporated onto the 
substrates, such that multi-layered films can be deposited without breaking of the 
vacuum.  
 
After melting the materials either using Thermal or Electron Beam, the gaseous 
molecules will then diffuse through the vacuum and condense onto the substrates. The 
thin film is thus formed through prolonged deposition of the materials. Thermal 
evaporation is more suitable for materials with low melting points while electron beam 
evaporation caters to insulators and materials with high melting points.  
 
Sputtering[2], on the other hand, operates on a completely different principle from 
evaporation. Sputtering is also done in a vacuum chamber which is usually pumped down 
to a vacuum of low 10-7 Torr. A working gas, usually argon, is introduced before 
sputtering to generate plasma. 














Figure 3.2.4: Schematic of Cryovac Sputtering Machine 
 
Figure 3.2.4 shows the schematic of the sputtering machine used. In actual fact, 
the sputtering machine used can accommodate up to four different targets. It also consists 
of a heater which can be used to increase the temperature of the chamber. The materials 
can be sputtered using either DC or RF power. In addition, a RF bias can be applied to the 
substrate in order to change the energies of the sputtered atoms landing onto the substrate, 
which in turn will cause changes in the film properties. 
 

















Figure 3.2.5: Dislodgement of target by a heavier atom 
 
During sputtering, a high negative voltage is applied to the target, which causes as 
high electric field to accelerate the electrons in the chamber which in turn collide with the 
argon atoms, ionizing them in the process. The formation of plasma occurs. During 
sputtering, the sheath covering the target materials will be opened, and the argon ions, 
being positive, will see a huge potential drop at the target. The ions will accelerate 
towards the target, and these high-speed ions will have sufficient energy to dislodge the 
atoms from the target. The atoms will then fall and land onto the substrate. The schematic 
in figure 3.2.5 shows how the heavier argon atom impacts on the target and dislodges 
them in the process. 
 
A common parameter to determine the efficiency of the sputtering system is the 
yield, which is defined as the number of target atoms ejected per incident ion. The yield is 
dependent on many factors, namely 1) relative masses of the argon ions and the target 
atoms, 2) energy of the argon ions and 3) nuclear stopping power of the target. In 
practice, however, a more commonly used parameter is the sputtering rate, which can be 
controlled by the biasing voltage, working gas pressure and flow rate. 





 Lift-off involves the removal of unwanted materials off the substrate, leaving 
behind sharply defined patterns as defined by the mask in the lithography stage. The 
samples are soaked in acetone for a minimum of 2 hours, after which the resist dissolves 
in the liquid, lifting-off with them the deposited materials on top. It is necessary to wash 
the samples through several rounds of acetone in order to remove the unwanted materials. 
The samples are then washed with IPA before being blown dry with nitrogen gas. A post-





















3.3 Characterization Techniques and Equipment 
 As mentioned previously, many equipment are used during the course of the 
project. The techniques and equipment used for measurement and characterization are 
described here. 
 
3.3.1 Thickness Characterization 
It is often necessary to characterize the thickness of the film deposited in order to 
obtain the deposition rate, either through sputtering or evaporation. The usual method of 
obtaining the deposition rate is to first obtain a patterned sample by coating it with photo-
resist and exposing the resist under UV radiation. The patterned sample is then deposited 
with the required film for a fixed amount of time, after which lift-off is done to remove 
the unwanted materials. The thickness of the sample can then be measured using the 
Alpha-Step Profiler. 
 
Alpha-Step Profiler  
The profiler is a common machine used to measure the thickness of deposited 
films. The machine works by running a pointer along a designated line on the film, and 
the difference in height along the film will be reflected. The model used for this project is 
the KLA P-15 Profiler. 
 
3.3.2 Magnetic Properties Characterization 
 As this project concerns many ferromagnetic materials, it is necessary to obtain 
their magnetic properties like coercivity and magnetization. Several equipments are used 




by researchers to obtain the desired information. The equipment used for this project is 
the Vibrating Sample Magnetometer (VSM). 
 
Vibrating Sample Magnetometer (VSM) 
 A Digital Measurement Systems Model 1660 Vibrating Sample Magnetometer 















Figure 3.3.1: Schematic of VSM 
 
Figure 3.3.1 shows the schematic of a VSM. The sample is stuck onto a glass rod 










 From magnetic theory[3], it is known that a magnetic sample will have 
magnetization M and is related to its magnetic moment m and volume v by: 
   M = m/v      …(3.3.1) 
In the presence of an external field H, there will be a flux density 
   B = µo(H + m/v)     …(3.3.2) 
induced by the external magnetic field H, where µo is the permeability of free space. 
However, the sample itself will induce a magnetic field of its own, and the magnetic 
induction Bsample is related to its magnetic moment m by 
   Bsample = sm      …(3.3.3) 
where s is a proportionality constant depending on the position of the observation point in 
space. Putting everything in perspective, the total magnetic induction due to the applied 
field and the sample is: 
   Btotal = Bfield + Bsample     …(3.3.4) 
 
In a VSM measurement, the material is placed in a uniform magnetic field and 
made to vibrate through mechanical vibrations. By Faraday’s Law, there will be an 
induced emf proportional to the rate of change in magnetic flux density, and is given by: 
  V = -k (dBtotal / dt)     …(3.3.5) 
where k is a proportionality constant. The induced emf can also be expressed as: 
 
   V = -k{(dBfield / dt) + (m ds/dt)}   …(3.3.6) 
Since the applied field is constant, equation (3.3.6) is reduced to: 
   V = -km (ds/dt)     ...(3.3.7) 
As the sample is in sinusoidal motion caused by the vibration unit,  




   s = Aejωt      …(3.3.8) 
thus reducing equation (3.37) to 
   V = -kmωAejωt     …(3.3.9) 
from which it can be seen that induced emf V is proportional to m, magnetic moment of 
the sample. If we can measure this induced emf, the magnetic properties of the sample 
can be determined.  
 
 From figure 3.3.1, it can be seen that there are pick-up coils that can detect the 
induced emf. As such, by calibrating the pick-up coils to detect the induced emf from a 
standard calibration sample, we can extrapolate the measurements to include other 
samples. 
 
3.3.3 Imaging of Samples 
 It is often necessary to ‘see’ the samples, though not in the conventional sense. 
We are often interested to know the microstructure, crystal structure or the grain size of 
the films that we have deposited. In this section, we will discuss some of the equipment, 
namely Transmission Electron Microscope (TEM), X-Ray Diffractometer (XRD) and 
Scanning Probe Microscope (SPM), that allows us to perform the above mentioned tasks. 
 
Transmission Electron Microscope (TEM) 
The TEM is different from optical microscopes in that it uses electrons to ‘see’ the 
sample, whereas optical microscope uses light. It is basically the irradiation of a very thin 
sample by a high energy electron beam. 
 




The TEM[4] can provide high resolution of less than 0.5 nm. However, in order to 
achieve this, it is necessary to thin down the sample to be observed. This is often done 
using ion milling, which can thin the sample to less than 30 nm thickness. As such, the 
preparation time is spent on milling of the sample. For this project, a Hitachi 80000 TEM 
is used. 
 
X-Ray Diffractometer (XRD) 
 XRD, as the name implies, involves the diffraction of X-Rays as it enters a 
crystalline substance. The diffraction pattern follows the Bragg’s Diffraction Law[5], 
which can be described mathematically as:  
2d sin θ = n λ      …(3.3.10) 
where d is the spacing between 2 adjacent planes, θ is the angle between the reflected ray 
and the plane, n is an integer number and λ the wavelength of the X-Ray used. As 
different materials have different crystal planes, XRD is useful in discerning the type of 
crystal structures prevalent in a sample, as well as giving a close composition of the 
different elements present.  In addition, the absence of any diffraction also shows the 
sample is amorphous in nature. For this project, the Philips X’Pert XRD is used, together 
with Cu Kα irradiation. 
Scanning Probe Microscopy (SPM) 
 The SPM consists of a family of microscopy forms where a sharp probe is 
scanned across a surface and some probe: sample interaction or interactions are 
monitored. The earliest form is the Scanning Tunneling Microscope (STM) which was 
developed in 1982[6]. The SPM allows both surface morphology and magnetic domains 




distribution to be observed, which utilizes the Atomic Force Microscopy (AFM) and 
Magnetic Force Microscopy (MFM) modes respectively.  
 
Atomic Force Microscopy (AFM) 
There are three primary modes under the AFM mode, namely: Contact, Non-
contact and TappingMode. Table 3.3.1 gives a comparison between the three different 
modes. 
Contact Mode 
 Advantages Disadvantages 
1) High scan speed Features in image can be distorted 
2) Able to obtain atomic resolution images Forces normal to the tip-sample can be high 
3) Able to scan rough samples May damage samples 
 
Tapping Mode 
 Advantages Disadvantages 
1) Higher lateral resolution Slower scan speed 
2) Less damage to samples  
3) No scraping of surface  
Non-Contact Mode 
 Advantages Disadvantages 
1) No force exerted on sample Lower lateral resolution 
2)  Slower scan speed 
3)  Works only on hydrophobic samples 
Table 3.3.1: Comparisons between the various modes of AFM 





The TappingMode is the most useful as it provides high resolution and does not 
damage the sample while scanning. As such, it was adopted for use in this project.  
 
 
Figure 3.3.2: Schematic of SPM 
 
 
Figure 3.3.2 shows a schematic of the SPM which was used in this project. 
Basically, the machine consists of a scanner head which hosts the laser as well as the 
probe. There are many types of probes pertaining to different modes. As the Tapping 
Mode is used, a standard AFM probe which consists of the cantilever and a sharp tip at 


















The cantilever is made to oscillate near its resonance frequency, with an amplitude 
of between 20-100 nm, and at a near constant oscillation amplitude for constant tip-
sample interaction. In order to maintain this constant amplitude in the event of 
topography changes, a feedback loop is employed to feedback the oscillation signal which 
is acquired by the photodiode detector. The vertical position of the scanner is then stored 
by the computer and used by the software to generate the topographical profile of the 
sample.  
 
 The images captured by the software can be used for further analysis. The more 
commonly used analytical functions include[7] surface roughness and grain size 
measurements. As it is not possible to scan the entire area of the sample, a small area is 
used as the representative of the sample, which usually ranges from 1-10 µm.  
 
Magnetic Force Microscopy (MFM) 
 The MFM[9] mode is used to observe magnetic domain distributions in the sample. 
The MFM mode also needs special tips to acquire the image. In the MFM mode, the tip is 
also operating in the Tapping Mode. However, the tip is coated with a magnetic sample in 
order to pickup magnetic signals from the sample. There are many different types of 
MFM probes, and the one that was used is the standard MFM probe, which is able to give 
clear and reliable images. During the operation of the MFM mode, the tip first picks up 
the topography information from the sample. The tip then retraces its original path, but 
now at a certain preset height away from the sample, to pick up magnetic information. As 
such, under the MFM mode, both surface topography and magnetic information can be 
obtained. However, the surface topography observations do not have a good resolution as 




that obtained by using the AFM mode. Therefore, both modes are utilized to obtain good 
images. 
 
3.3.4 Measurement Setups 
 A four-point measurement setup was specially made in order to measure the MR 
ratios of the devices fabricated. The samples can be probed directly with the setup or they 
can be bonded to a chip package via a wire bonder first. 
 
Wire Bonder 
 The wire bonder used for this project is the Kulicke and Soffar Model 4524 wire 
bonder system. It uses gold wire to bond the contact pads of the devices onto the gold 
pads of the chip package used. The bonding conditions used for bonding will vary, 
depending on the type of material deposited as contact pads as well as the exposure time 
of the contact pads to oxidation. As a rough guide, the power used for gold and 
aluminium is 1.0 W and 4.0 W respectively.  
 
Four-point measurement system 
 The four-point measurement is used to measure the MR of the devices. It is a 
home-made system which consists of an electromagnet, a Keithley 236 Source Measuring 
Unit (SMU) acting as a current source, a Keithley 2000 multimeter, gaussmeter, power 
supply, tungsten probes and a vacuum pump. All these individual parts are linked up and 
controlled by a software program known as LabView.  
 




 The electromagnet is used to provide the magnetic field applied to the devices, 
with the gaussmeter used to measure the exact magnetic field generated which is 
feedback to the software for error correction. The SMU provides the current while the 
multimeter measures the voltage such that together they can obtain the MR. If the sample 
to be measured is bonded to a chip package, the pump and the tungsten probes are not 
needed, as connecting wires can be attached to source current and measure voltage. If the 
sample is not bonded, then the vacuum pump is used to keep the sample in place, while 
the tungsten probes are contacted to the contact pads of the sample such that current can 
be sourced and voltage can be measured. A schematic diagram of the setup is shown in 
figure 3.3.3. 
 










The blue rectangle depicts the device to be measured. The orange rectangles are 
the contact pads of the device. The arrows represent the tungsten probes. The SMU 
sources current at the two pads such that the current will pass through the device. Voltage 
measurements are made from the other two probes as shown. A detailed description of the 
software and the integration of the various parts can be found in thesis of Lee Kwan 
Aik[10]. 
 





 In this chapter, we have discussed the commonly used experimental methods and 
equipment used for the project. The next chapter details the work done on various 
materials used in the fabrication of the MTJ. 
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 CHARACTERIZATION OF THIN FILMS  
 
4.1 Introduction 
The basic MTJ structure consists of two ferromagnetic layers sandwiching an 
insulator barrier. In order to measure the magnetoresistance changes within the device, it 
is necessary to attach contact pads to the structure. Pictures of the top and side views of 
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The basic structure usually consists of five different films of various thicknesses 
and properties. The seed layer is often of a thickness of around 20 nm, and is used to 
enhance crystal orientations or reduce surface roughness of upper layers. The top and 
bottom contact pads are usually metals, and as the name implies, are used to conduct 
current through the device. The tri-layer junction consists of three different thin films, 
namely the bottom electrode, the barrier and the top electrode. The two electrodes are 
ferromagnetic thin films of around 20nm, and their magnetic properties define the 
switching field of the MTJ device. The barrier is an insulating material of around 1-2 nm 
thick. This barrier allows for the tunneling of electrons from one electrode to the other. 
The subsequent sections will discuss the various layers in detail. 
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4.2 Seed Layer 
As mentioned previously, the importance of a seed layer cannot be understated. It 
can affect the film properties of subsequent layers, as well as controlling the desired 
crystal orientation in other layers. In this project, two types of seed layers were examined, 
namely Ni80Fe20 and Ta.  
 
The use of Ni80Fe20 as a seed layer has been extensively researched by the 
author’s colleagues[1,2]. In one of the papers[1], the authors have investigated the factors 
affecting the surface roughness of Ni80Fe20, which includes experimental parameters like 
i) DC sputter power, ii) film thickness and (iii) RF substrate bias. They found that the DC 
sputter power and RF substrate bias are the most important factors affecting the film 
quality in Ni80Fe20 thin films. In particular, the optimum smoothness for the Ni80Fe20 thin 
film was obtained by sputtering it at DC 200 W at a RF substrate bias of 20 W.  
 
In addition, the use of Ta as a seed layer was also investigated[3,9]. Similar factors 
were found to affect the surface roughness of the film. Typically, in order to ensure good 
quality barrier, it is necessary to achieve a surface roughness of less than 3.0 Å. 
 
4.2.1 Characterization of Ni80Fe20 
 The sputtering rate of any deposited film was characterized by sputtering three 
samples of the film for different lengths of time. The thicknesses of the samples were then 
measured to calculate the rate.  
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Figure 4.2.1: Ni80Fe20 thickness versus time 
 
 Figure 4.2.1 shows a typical thickness versus time curve of the film deposited, 
which in this case, is Ni80Fe20. The deposition times used are usually 5, 10 and 15 
minutes. The thicknesses of the films are then measured using the Alpha-Step Profiler and 
deposition rate is then determined. A linear relationship is assumed for films deposited at 
all thicknesses used.  
 
 In order to characterize the surface roughness of any film, the required thickness 
of the film is first deposited. The surface roughness of the film is then obtained using the 
SPM. Using this method, the deposition rates of (i)Ni80Fe20, (ii)Ni80Fe20 with 20 W RF 
bias as well as (iii)Ni80Fe20 deposited using evaporation were determined. A sample of 
each of the films was deposited with a thickness of 20 nm, and their surface roughness is 
measured. The working gas used for sputtering is Ar. The pressure and flow rate for all 
sputtering are 10 mTorr and 10 sccm respectively. The results are tabulated in table 4.2.1. 
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Conditions Surface Roughness (Å) 
DC Power = 200 W 7.2 
DC Power = 200 W, RF bias = 20 W 2.0 
Evaporation E-Beam Power = 300 W 4.1 
Table 4.2.1: Surface roughness of Ni80Fe20 films deposited at various conditions 
 
 The first two rows of table 4.2.1 show the deposition conditions of sputtered 
Ni80Fe20 film, while the last row shows the evaporation conditions. The film was 
evaporated in order to compare its quality against sputtered films. It can be seen that the 
sputtered Ni80Fe20 film done using RF bias gives the smoothest film among all three. This 
experiment conforms to the results obtained by the author’s colleagues[1].  
 
4.2.2 Characterization of Ta 
Some aspects of the properties of Ta was examined by the author in an earlier 
work[3]. In this project, the surface roughness of Ta films is examined further. Samples of 
Ta are sputtered at DC power of 50 W and varying RF bias power ranging from 0-30 W 
in steps of 10 W. The thickness of the film was set at 20 nm. A sample of Ta deposited 
using evaporation was also made. The AFM images of all these samples are then taken. 
The scan area is 3 µm by 3 µm. Four images are taken for every sample, and the average 
of these four samples is adopted as the surface roughness. One image of each sample is 
shown in figure 4.2.2. A summary of the results is tabulated in table 4.2.2. 




(i) Ta with 0 RF bias, roughness = 1.561 nm     (ii) Ta with 10 W RF bias, roughness = 1.079 nm 
 
(iii) Ta with 20 W RF bias, roughness = 0.566 nm          (iv) Ta with 30 W RF bias, roughness = 0.513 nm 




(v) Evaporated Ta, roughness = 0.765 nm 
Figure 4.2.2: AFM images of Ta deposited at various conditions with (i) No RF bias, (ii) 10 W RF bias, (iii) 
20 W RF bias, (iv) 30 W RF bias and (v) Evaporation 
 
 
Conditions Surface Roughness (Å) 
0 RF bias 15.6 
10 W RF bias 10.8 
20 W RF bias 5.7 
30 W RF bias 5.1 
400 W E-Beam 7.7 
Table 4.2.2: Surface roughness of Ta films deposited at various conditions 
 
It can be observed from table 4.1.2 that the increase in RF bias gives an 
improvement in the surface roughness of the film. However, the design of the sputtering 
setup was such that only a maximum of 30 W RF bias can be applied. The surface 
roughness thus obtained is comparatively worse than that of Ni80Fe20 which has a surface 
roughness of 2.0 Å. From these results, Ni80Fe20 was naturally chosen as the seed layer.  
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4.3 Bottom Electrode 
 In order for a MTJ to have a high sensitivity over a wide range of magnetic field 
changes, it is necessary for the top and bottom electrodes to have a large difference in 
coercivity. This will be explained later in section 5.1. Common ferromagnetic materials 
include Ni80Fe20, Co and Fe. Ni80Fe20 is a soft ferromagnetic film with a small coercivity 
of less than 10 Oe, while the other two have much larger coercivities. Hence, it is ideal 
for Ni80Fe20 to be used as one of the electrodes. In addition, as mentioned in section 4.2, 
the surface roughness of Ni80Fe20 is very small. Thus if we use Ni80Fe20 as the bottom 
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4.4 Insulating Barrier 
As mentioned in Chapter 2, many materials have been examined for their 
suitability as the insulating barrier of the MTJ, which include Al2O3, TaO, NiO, MgO, 
HfO2 and SrTiO3. However, despite the wide range of possible candidates, Al2O3  remains 
the most popular. This is because Al is easily oxidized, and its wetting property ensures 
that there is good and uniform coverage even if a very thin film is deposited. 
 
The optimum thickness of Al2O3 that is suitable for use as an insulating barrier 
lies between 7 Å to 18 Å[4]. However, due to the limitations of the sputtering machine, it 
was found that thicknesses of less than 12 Å results in a poor quality film due to presence 
of pinholes, whereas thickness above 16 Å causes the switching field to be much higher. 
As such, a thickness of 15 Å of Al2O3 was adopted for both its quality as well as ease of 
fabrication. 
 
There are many ways to obtain Al2O3. We can either sputter or evaporate Al2O3 
directly or oxidize the deposited Al. Some of the approaches in oxidizing Al undertaken 
by researchers include natural oxidation, plasma oxidation and ultra-violet light assisted 
oxidation. Due to the limitations of our equipment, three methods of obtaining Al2O3 
were tried. These include 1) sputtering Al2O3 directly from its oxide form, 2) natural 
oxidation of Al and 3) RF plasma oxidation in an Ar/O2 ambient.  
 
Experiments were done to test the viability of all three methods. The first method 
was tested by the author, while methods two and three were tried by the author’s 
colleagues and documented in their respective work[5,6].  
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A basic test structure of Ni80Fe20/barrier/Co was used to test the three methods of 
depositing Al2O3. For the case of depositing Al2O3 directly, it was found that there is only 
a small kink when the hysteresis loop of the test structure was examined, as shown in 






















Figure 4.4.1: Hysteresis loop of tri-layer with sputtered Al2O3 barrier 
 
Figure 4.4.1 shows undesirable coupling of the two FM layers, Ni80Fe20 and Co. 
There are several possible reasons for the unsuitability of this method. These include 1) 
direct deposition of Al2O3 may cause the material to become structurally affected, such 
that the final deposited product maybe a partially oxidized form of Al, 2) the wetting 
properties of the oxide may be poor, such that there could be poor and non-uniform 
coverage and 3) presence of pinholes due to the deposition process. Any of the above 
reasons can contribute to the coupling of the two FM layers. Deposition of Al2O3 by 
evaporation was also carried out. However, the same results were obtained through this 
method. 
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Natural oxidation of Al was performed by F. H. Chen. In his work, after sputtering 
the required thickness of Al, the sample was left in an enclosed environment for natural 
oxidation to take place. The sample was left for 24 hours, after which, Co was deposited 
on the test sample and the hysteresis loop measured. It was found that the hysteresis loop 
showed a distinct kink, which signifies the decoupling of the two FM layers. However, 
this method is time consuming, and as we do not have an oxidation chamber, the samples 
can be easily contaminated. 
 
The last method was examined by J. F. Hu. Hefirst deposited 9 Å of Al at DC 30 
W with an Ar gas pressure of 3 mTorr and flow rate of 10 sccm. A RF bias of 6 W was 
applied to the sample in an Ar/O2 ambient of 4:1 ratio with a flow rate of 15 sccm for 40 
seconds. After this step, another 6 Å of Al was deposited using similar conditions as the 
first deposition. The metal is then oxidized again using similar oxidation conditions, but 























Figure 4.4.2: Hysteresis loop of tri-layer with plasm oxidized Al barrier 
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A typical hysteresis loop obtained using this method is present in figure 4.4.2. The 
appearance of the kink shows the de-coupling of the FM layers. Following his work, this 
method of depositing the insulating barrier was adopted for all future experiments. 
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4.5 Top Electrode 
 The top electrode completes the tri-layer structure which defines the 
characteristics of the MTJ. We want the top electrode to have a large difference in its 
switching field compared to the bottom electrode in order that the MTJ has a broad anti-
parallel region.  
 
This can be achieved by using Co or Fe or their alloy as the top electrode. In this 
project, a primary objective is to examine whether we can successfully mix Co with Ta as 
the top electrode. As such, Co was thus chosen as one of top electrode for the MTJ, such 
that the Co-Ta alloy can be used as the other top electrode for direct comparison.  
 
4.5.1 Co as Top Electrode 
 After the material was decided, we need to determine the thickness of Co to be 














Figure 4.5.1: Coercivity versus thickness curve of Co 
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 From figure 4.5.1, it can be observed that the coercivity of Co stays roughly 
constant above 10 nm. The jump in coercivity after 10 nm is due to a change in the grain 
size and the formation of domain walls[8]. A thickness of 25 nm of Co was chosen to 
reduce the formation of domain walls in accordance with that used by other researchers[4].  
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4.6 Co-Ta Alloy 
The element Ta is often added to Co and other materials to be used as the 
magnetic media[7] in the hard disk. In this project, the alloy of Co and Ta was 
investigated. 
 
4.6.1 Calibration of Co and Ta 
 As an alloy of Co and Ta is to be investigated, both materials must be deposited 
simultaneously. In the present sputtering system, two materials can be sputtered 
simultaneously by sputtering one target with DC power and the other with RF power. 
This method is also known as reactive sputtering. 
 
 In order to vary the percentage of Ta in the Co-Ta alloy, Co was sputtered using 
DC power supply while Ta was sputtered using RF power. The calibration of the sputter 
rates has been described previously in section 4.2. The sputter rates of Ta at different RF 
power were first calibrated. 
 
 





















Figure 4.6.1: Sputtering rate of Ta at various RF powers 
 
The sputtering rate of Ta was obtained at RF powers of 50-150 W in steps of 25 
W. The sputtering rate curve is then plotted as shown in figure 4.6.1. The line is 
extrapolated to include RF powers from 35 W to 175 W, such that we can have a good 
estimate of the sputtering rate. To obtain Co-Ta alloys of fixed Co thickness and varying 
Ta composition for different samples, the deposition power of Co for all samples was 
fixed while the RF power of Ta was varied.  
 
4.6.2 Coercivity of Co-Ta Films 
Thin films of Ta doped Co of percentages ranging from 5-25 % are deposited on 
silicon <100> samples. In addition, a sample containing Co only was also prepared as the 
reference sample. The magnetic properties of the samples were first examined using the 
VSM. The hysteresis loops of the samples were obtained and their coercivity values are 
shown in figure 4.6.2. 
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Figure 4.6.2: Coercivity versus Ta by sputter ratio of Co-Ta alloy 
 
It can be observed from figure 4.6.2 that an initial addition of Ta into the Co thin 
film causes a significant decrease in coercivity of around 18 Oe. Subsequently, as more 
Ta is added, the coercivity increases with the Ta ratio. This trend continues until the 
concentration of Ta increases beyond 15%. As more Ta is added, the coercivity continues 
to drop until it remains relatively constant at around 10 Oe for Ta ratio of more than 20%.  
 
The curve in figure 4.6.2 shows an interesting trend which suggests that some 
fundamental changes occured to Co when Ta is added. Another possibility could be the 
presence of the non-magnetic Ta acts as a contaminant, thus reducing the magnetic 
properties of Co. It also suggests that we can tailor the magnetic properties of Co if small 
amounts of Ta are added. In order to understand the trend better, we performed a few 
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4.6.3 TEM of Co-Ta Grains  
The images of the grains of four samples are taken with the TEM and shown in 
figure 4.6.3 below. The grain sizes are estimated from the pictures. 
  
 (i) Co-Ta (10%), grain size = 14.3 nm (ii) Co-Ta (15%), grain size = 16.3 nm 
  
 (iii) Co-Ta (20%), grain size = 8.6 nm (iv) Co-Ta (25%), grain size = 9.1 nm 
Figure 4.6.3: TEM images showing the grain sizes of (i) Co-Ta of 10% Ta ratio, (ii) Co-Ta of 15% Ta ratio, 
(iii) Co-Ta of 20% Ta ratio and (iv) Co-Ta of 25% Ta ratio.  
 
It can be observed that the grain sizes of the samples are relatively large at more 
than 14 nm for samples with Co-Ta of Ta concentration of 10% and 15%. The samples 
containing Ta of ratio 20% and 25% show much smaller grain sizes of around 9.0 nm. As 
the coercivity reflects the ease of change of the magnetization of a film, a larger grain size 
implies larger magnetic domains, thus resulting in greater difficulty to switch its 
magnetization direction.  
100 nm
100 nm 100 nm
100 nm
Chapter 4  Characterization of Thin Films 
 
69 
The grain size differences therefore coincide with the coercivity curve shown in 
figure 4.6.2. The largest grain size corresponds to the highest coercivity, while the 
smallest grain sizes occur when the material has become “soft”. This shows that the 
presence of Ta not only affects the crystal orientation of the Co film, but also affects the 
grain formation of the material.  
 
Since it is evident that the grain sizes of the magnetic particles have a strong 
correlation top its coercivity, we next use MFM to examine the domain formation of the 
films. 
 
4.6.4 MFM Images of Co-Ta Films 
 The last observations on the Co-Ta films involve the use of the MFM mode of the 




  (i) Co      (ii) Co-Ta (5%) 




  (iii) Co-Ta (10%)     (iv) Co-Ta (15%) 
  
 (v) Co-Ta (20%)     (vi) Co-Ta (25%) 
Figure 4.6.4: MFM images of (i) Co, (ii) Co-Ta (5%), (iii) Co-Ta (10%), (iv) Co-Ta (15%), (v) Co-Ta 
(20%) and (vi) Co-Ta (25%) 
 
The MFM images in figure 4.6.4 are of size 3 µm by 3 µm. It can be seen that the 
samples display single and long, clustered domains. Looking at figure 4.6.4(ii)-(iv), we 
see that the number of striped domains increases with the increase in Ta ratio. This 
increase in the striped domains also corresponds with the increase in coercivity as noted 
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in figure 4.6.2. The increase in striped domain signifies a change in the domain structure 
in order to reduce the magnetostatic energy. 
 
Figure 4.6.4 (v) and (vi) shows clusters of small granules of magnetic domains 
separated by walls. This is in total contrast to that of the previous samples. We can 
conclude that the magnetic domain configuration of the samples have changed by the 
addition of Ta. This change contributes to the changing of the coercivity of the samples. 
 
 Having examined the grain sizes as well as the grain patterns, we next examine 
the crystal structures of the samples. 
 
4.6.5 TEM Images of Co-Ta Films 
 
  (i) Co-Ta (10%)     (ii) Co-Ta (15%) 




  (iii) Co-Ta (20%)     (iv) Co-Ta (25%) 
Figure 4.6.5: TEM images showing the crystal structures of (i) Co-Ta of 10% Ta ratio, (ii) Co-Ta of 15% 
Ta ratio, (iii) Co-Ta of 20% Ta ratio and (iv) Co-Ta of 25% Ta ratio 
 
 Four representative TEM images of the crystal structure of Co-Ta are shown in 
figure 4.6.5. The top two figures in (i) and (ii) show that the samples are crystalline, with 
(ii) shown a higher degree of crystallinity than (i). This is evidenced by the distinctive 
rings in the two pictures. The rings are absent in figure 4.6.5 (iii) and (iv), which show 
that the samples are amorphous.  
 
High coercivity values occur when the films are crystalline, while amorphous 
films display a much lower coercivity. This shows that the structure of the deposited films 
play a major role in the magnetic properties of the film.  
 
4.6.6 Crystal Structure of Co-Ta Films 
One of the equipment used to obtain the crystal structure of any film is the XX-ray 
Diffractometer (XRD), which we have discussed in Chapter 3. XRD measurements were 
made on the samples to find out the causes of the changes in the magnetic properties. The 
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crystal orientations of the various Co-Ta samples are shown in figure 4.6.6, which are 
arranged in ascending order of doping concentration of Ta, at intervals of 5%. 
 
Figure 4.6.6: XRD result of Co-Ta samples 
 
Figure 4.6.6 shows the XRD result of the Co-Ta samples, including the Co 
reference sample. The counts of the curves are intentionally displaced upwards by 40 
counts for greater clarity. The inset shows the region between the 2θ angle of 60º to 63º.  
 
It is apparent that there is an abnormally high count at 61.9º for samples with Ta 
ratio of 5% up to 15%. This high count is absent in the reference Co sample as well as for 
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It is well known that the coercivity of a FM material is often affected by its crystal 
orientation[8]. If we compare the XRD information with the coercivity curve in figure 
4.6.2, we can see that there is a close match between the two. The initial decrease in the 
coercivity of Co corresponds to the presence of a new crystal orientation as described 
earlier. As more Ta is added, this new crystal structure becomes more dominant and the 
coercivity of the Co-Ta alloy increases correspondingly. We can see that the highest 
counts occur for the sample of Co-Ta containing 15% of Ta. This also coincides with the 
highest coercivity of the film. We can conclude that there is a direct relationship between 
the new crystal structure formed and the coercivity of the film. 
 
For samples containing Ta above 15%, we observe that the counts at 61.9º are 
absent. This shows that the crystal structure is no longer present in the Co-Ta thin film. If 
we examine the coercivity curve in figure 4.6.2, we can see that the absence of the crystal 
structure coincides with a significant drop in the coercivity of the film. This reinforces the 
postulation that the coercivity of the Co-Ta film is heavily influenced by the crystal 
structure.  
 
When we compare the reference Co sample with the samples containing Ta of 
ratios above 15%, we find that their coercivity differs significantly, even though all these 
samples do not have the Co3Ta crystal structure. This seems to suggest that the absence of 
the crystal structure may not be a reason for the change in coercivity. However, since we 
have doped the Co film significantly with Ta (above 15%), it is not unreasonable to 
assume that the Ta acts as a type of non-magnetic contaminant, such that there is an over-
saturation of Ta causing a change in the crystal morphology of the Co-Ta film. This over-
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saturation of Ta most likely causes an adverse change in the magnetic property of Co, 
thus causing it to become a soft material like Ni80Fe20. Interestingly, this “softening” of 
Co suggests a new application as the other electrode of the MTJ, such that the two FM 
layers of the MTJ can be made with Co-Ta alloy but of different ratios of Ta. However, a 
check on the surface roughness of the film shows that it is not smooth enough to be used 
as the bottom electrode. 
 
4.6.7 Surface Roughness of Co-Ta (15%) 
The surface roughness of Co-Ta (15%) was examined in order to determine 
whether the film is suitable to be used as the bottom electrode.  
 
Figure 4.6.7: Surface roughness analysis of Co-Ta (15%), roughness = 0.758 nm 
 
 Figure 4.6.7 shows that the surface roughness of Co-Ta (15%) has a surface 
roughness of 0.758 nm. This does not compare well with Ni80Fe20 which has a surface 
roughness of about 0.20 nm. As such, it was decided that the Co-Ta (15%) film be used as 
the top electrode.  
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4.6.8 Summary of Studies on Co-Ta 
 In this section, we have seen how the addition of Ta into Co managed to change 
the magnetic properties of Co. We explained this effect through a combination of various 
factors, namely 1) changes in grain size, 2) changes in magnetic domain configurations 3) 
changes in crystallinity and 4) formation of a new crystal orientation. We have deemed 
that the material is not suitable to be used as the bottom electrode, but as the top 
electrode, due to its high surface roughness. 




 In this chapter, we have discussed the deposition conditions of the various layers 
of the MTJ. In particular, we have developed the deposition conditions of the bottom 
electrode (Ni80Fe20), insulating barrier (Al2O3) and top electrode (Co). We have also 
completed a comprehensive study on the Co-Ta thin films and have shown that it may be 
a suitable candidate to replace Co as the top electrode. In the next chapter, we will go on 
to fabricate devices using the films as discussed here and examine their performances. 
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MAGNETIC TUNNEL JUNCTIONS 
 
5.1 Introduction 
 After reviewing the characteristics of the various thin films in Chapter 4, the 
various layers are now stacked together in a multi-layered structure to form the magnetic 
tunnel junction. This chapter deals with the fabrication, characterization as well as 
analysis of magnetic tunnel junctions. 
 
 As mentioned in Chapter 4, the basic MTJ structure consists of two ferromagnetic 
(FM) layers sandwiching an insulator (I) layer. A successful MTJ should allow 
independent switching of the ferromagnetic layers, and this is illustrated by figure 5.1.1. 
 
         
Figure 5.1.1: Hysteresis loop of an ideal FM/I/FM structure. The orange path shows the forward sweep of 

















Figure 5.1.1 shows an ideal hysteresis loop of tri-layer (FM/I/FM) structure. Hc,b 
and Hc,t represents the coercivity of the FM layers which are the bottom and top of the 
tri-layer structure respectively. The subscript f and r represents the coercivity of the films 
when the magnetization changes from negative to positive (forward sweep) and positive 
to negative (reverse sweep) respectively. The presence of the kink is due to the 
independent switching of the two FM layers. 
 
 
Figure 5.1.2: MR measurement of an ideal MTJ with the tri-layer used in figure 5.1.1. The orange path 
shows the forward sweep of the magnetic field while the blue path shows the backward sweep 
  
 If we start with the magnetic field applied in the –x direction, we will be 
following the hysteresis loop defined by the orange path in figure 5.1.1. The 
magnetizations of the two layers are initially saturated in the direction of the magnetic 
field. The magnetoresistance measured will be small, as shown in figure 5.1.2.  The 
magnetic field strength then decreases in magnitude until it changes direction. The 
direction of the field is now in the +x direction. As the field strength increases further, the 
bottom FM layer starts to switch its magnetization due to its smaller coercivity (stage ii). 
At this stage, the two layers have different magnetization directions. The 
Magnetoresistance (Ω) 











magnetoresistance of the structure will then be bigger than when the magnetizations of 
the two films are parallel. This is reflected in figure 5.1.2 as a jump in the 
magnetoresistance. As the magnetic field increases further, the top layer also switches its 
magnetization direction such that both the top and bottom are in the parallel configuration 
again (stage iii). The magnetoresistance of the structure becomes smaller. This is termed 
as the forward sweep of the magnetic field. We can similarly explain the changes in the 
magnetoresistance when the magnetic field starts from the +x direction. This reverse 





















5.2 Shadow Mask Design I 
 
Figure 5.2.1: Design patterns of Shadow Mask I, (i) Bottom electrode, (ii) Barrier, (iii) Top electrode and 
(iv) Contact pads. See Appendix A for design dimensions 
 
 Figure 5.2.1 shows the first set of shadow masks used for the project. Shadow 
masks are pieces of thin metals with cut-out patterns. To deposit a film, a mask is placed 
over a substrate of the same size. These two pieces are placed in a holder that keeps them 
in place. The film is then deposited on the shadow mask and the substrate through the 
‘holes’ in the mask. The rectangle at the top left corner is for visual alignment.  




The widths of the strips of (i) are, starting from the left: 200, 500, 400 and 100 µm 
respectively. The large sizes are due to mechanical limitations in making the shadow 
masks. The widths of the strips of (iii) are similar to (i), except that its starts from the top. 
The bottom material is first deposited using mask (i). This is followed by the barrier using 
mask (ii). The third mask completes the tri-layer. Finally, the contact pads are deposited. 
By coupling (i) and (iii), a total of 16 devices can be fabricated.  
 
 
Figure 5.2.2: Merged pattern of Figure 5.2.1. Arrow points to one of the devices in the mask 
 Figure 5.2.2 shows how the device will look like after the films after deposited 
using the four masks in figure 5.2.1. The blue rectangle shows one of the devices in the 
pattern. The aspect ratio for the devices in this mask, and all subsequent masks, is 
calculated by dividing x by y as shown in the inset in figure 5.2.2. The sizes of the 



















devices are listed in table 5.2.1. The areas and aspect ratios of all the devices are shown in 
table 5.2.2. 
 
Dimensions of devices(µm by µm) A B C D 
1 200 x 200 500 x 200 400 x 200 100 x 200 
2 200 x 500 500 x 500 400 x 500 100 x 500 
3 200 x 400 500 x 400 400 x 400 100 x 400 
4 200 x 100 500 x 100 400 x 100 100 x 100 
Table 5.2.1: Dimensions of devices 
 
Junction Area (103 µm2) 
/ Aspect ratio of 
A B C D 
1 40 / 1.0 100 / 2.5 80 / 2.0 20 / 0.5 
2 100 / 0.4 250 / 1.0 200 / 0.8 50 / 0.2 
3 80 / 0.5 200 / 0.25 160 / 1.0 40 / 0.25 
4 20 / 2.0 50 / 5.0 40 / 4.0 10 / 1.0 
Table 5.2.2: Areas and aspect ratios of the various devices 
 
 The measurement for the samples can be done in two directions perpendicular to 
each other. The convention adopted is that if the bottom electrode is aligned parallel to 
the magnetic field, the direction of orientation of the sample is designated as 0°. If the 
bottom electrode is aligned perpendicular to the magnetic field, the direction of 
orientation of the sample is designated as 90°. This convention is used for the naming of 
all subsequent samples. 
 
 For clarity, an example of how a particular device in a particular batch is named is 
explained here. Suppose we are measuring device A1 for the batch X with the bottom 




electrode aligned parallel to the magnetic field, then the device is named as XA1_0, 
where the first letter represents the batch name, the second and third refers to the device 
and the number after the underscore shows the orientation of the device. 
 




5.3 Shadow Mask I Magnetic Tunnel Junctions 
MTJs were fabricated on glass and silicon <100> substrates of size 1 cm by 1 cm 
using shadow mask I. The films were deposited using the sputtering machine, and a 
reference sample was placed alongside the samples during the tri-layer deposition. VSM 
measurements were then made on this reference sample to determine the bulk properties. 
The magnetoresistances of the devices are measured using the four-point probe. 
 
5.3.1 Deposition conditions 
The deposition conditions used for the fabrication of the MTJs using shadow mask 
I are listed in table 5.3.1.   
 
Ambient 
Layer Material/Thickness Conditions 
Gas 
Pressure / Flow Rate
  (mTorr / sccm) 
Bottom 
Electrode 
Ni80Fe20 / 50 nm 
DC Power = 200 W 
RF Bias = 20 W 
Ar 10 / 10 
Al / 0.9 nm, 0.6 nm DC Power = 30 W Ar 3 / 10 
Barrier 
Oxidation / 40 s, 30 s RF Bias = 5 W Ar+O2 15 / 15 
Top Electrode Co / 25 nm DC Power = 100W Ar 10 / 10 
Contact Pads Al / > 200 nm DC Power = 200 W Ar 10 / 10 
Table 5.3.1: Deposition conditions used 
 
The standard combination of Ni80Fe20/Al2O3/Co is used here so as to allow 
comparisons when Co-Ta is used later to replace Co. There are two batches of samples 
made on different substrates using shadow mask I. The sample made on glass is named as 




batch G while the sample made on silicon is named as batch S. The reference sample for 
this batch is named as reference A. 
 
























Figure 5.3.1: Hysteresis loop of reference sample A 
 
 It can be seen from figure 5.3.1 that the hysteresis loop of the reference sample is 
different from the ideal hysteresis loop in figure 5.1.1. This is to be expected as coupling 
exists between the two FM layers such that the switching of the magnetization of the two 
layers cannot be done independently. From the figure, we can approximate the switching 









at ~ 90 Oe 
Switching field 
at ~ 15 Oe 




5.3.3 I-V Measurments 
 


















Figure 5.3.2:  I-V curve of a representative sample from batch G 
  
The I-V relationship of the devices was measured using the four-point probe setup. 
A current of -1.2 mA to 1.2 mA was applied to the devices and voltage measurements 
were made. The I-V curve is shown in Figure 5.3.2. For tunneling, the I-V characterisitics 
will obey the Simmon’s equation[7] below: 
J = θ (T,ψ,s) (V + γ(T,ψ,s) V3)    …(5.3.1) 
 
 It was found that the I-V curve fitted well with the equation, and has a barrier 
thickness of around 18.4 Å and height of around 1.25 eV.  
 
5.3.4 MR Measurements 
As mentioned previously, the MR ratio measurements for the samples are 
measured using the four-point probe. In order to prevent breakdown of the devices, a 
threshold voltage of 0.85 V was set during the measurement. The current used to measure 
the samples was 100 µA. A varying magnetic field was applied during the measurement 




in order to change the magnetization of the samples. The field ranges from -600 Oe to 
600 Oe. Large step sizes of 50 Oe was used from 600 Oe to 300 Oe and then gradually 
reduced as the magnetic field was reduced. This is to capture more data points during the 
switching of the FM layers as the magnetic field approaches their coercive fields. 
 
The TMR measurements for the devices in batch S show that none of the devices 
exhibit tunneling phenomenon. The resistivity of the silicon <100> substrate, at about 20-
30 ohm-cm is too small, such that shunting of current occurs.  
 
A total of 15 out of 16 devices of batch G exhibit TMR characteristics. The 
remaining one, C4, does not. As it is not practical to include all the curves, four 
representative curves are shown in figure 5.3.3 to show the general characteristics of the 
measurements which was done with the bottom electrode parallel and perpendicular to the 
magnetic field. The MR curves of all the devices are presented in appendix C. 






































(i) Device GB2_0        (ii) Device GC3_0 
H H









































 (iii) Device GB2_90    (iii) Device GC3_90 
Figure 5.3.3: MR curves of (i) GB2_0, (ii) GC3_0, (iii) GB2_90 and (iv) GC3_90 
 
The measurement for the figure 5.3.3 (i) and (ii) was first done with the Ni80Fe20 
bottom electrode parallel to the magnetic field while the other two was done with the 
bottom electrode perpendicular to the magnetic field. The resistances of (i) and (iii) are 
slightly different by 0.38%. Similarly, the resistances of (ii) and (iv) differs by only 
0.40%. These differences, which are due to changes in experimental conditions, are 
acceptable.  
 
Figure 5.3.3 (i) and (ii) shows two of the typical curves obtained at 0°. It can be 
seen that the curves have sharp peaks. Comparing the figure with the ideal curve in figure 
5.1.2, it can be observed that the slope of the MR curve response is gradual instead of an 
immediate change when the coercive field is reached. Instead, the switching of the 
magnetic layers stretches over a range of magnetic field resulting in considerable 
difficulty in gauging the switching field of the two FM layers. As such, the switching 
fields of the two FM layers are estimated by taking the average of the magnetic field 
when the layer first starts to switch and when it just finishes switching. Using this method, 
H H




the switching field of Ni80Fe20 is estimated to be around 7 Oe. The switching field of Co 
top electrode is estimated using a similar method and is found to be around 50 Oe. 
 
The curves of figures 5.3.3 (iii) and (iv) show different shapes as compared to the 
previous two. The x-axis has been shortened to ±100 Oe compared to the top two to better 
reflect the changes around the switching coercivities. The curves have narrow and sharp 
peaks. Comparing the curves to the ideal curve in figure 5.3.1, it can be observed that the 
MR response is still gradual, signifying coupling between the two FM layers thus causing 
the switching of the magnetization of the FM layers to stretch over a range of magnetic 
field. The switching fields of the bottom and top electrode are estimated to be around 7 
Oe and 30 Oe respectively. The switching fields of the devices are, however, smaller 
compared to the reference sample A. This is attributed to the smaller sizes of the actual 
devices as well as the shape anisotropy introduced into the device.  
 
As the device is orientated to the 90° configuration, the switching of the top 
electrode becomes much faster than that of the 0° configuration as can be seen in figure 
5.3.3. The MR characteristic of the top layer when it is orientated to 90° shows that the 
switching of the top electrode takes place within a smaller band of magnetic field 
compared to when the sample is orientated to 0°. This suggests some kind of anisotropic 
forces at work. We will examine this further later in this section.  
 
The MR ratios of the devices of batch G are calculated using Jullière’s formula[1] 
which can be simplified to: 
TMR = ∆R / R     …(5.3.2) 




where R is the resistance of the device at saturation and ∆R is the difference between the 
maximum resistance and R. Using this equation, the MR ratios of the devices are 
calculated and tabulated in table 5.3.2. 
 
MR ratios of Batch Gxx_0 (%)  A B C D 
1 0.90 1.26 1.17 0.74 
2 0.67 1.10 1.03 0.63 
3 0.75 0.78 1.00 0.57 
4 0.67 1.05 - 0.64 
(i) MR ratios of batch G measured at 0° 
 
MR ratios of Batch Gxx_90 (%)  A B C D 
1 1.23 1.71 1.85 1.54 
2 0.78 1.61 1.69 0.92 
3 0.91 1.03 1.38 1.08 
4 1.14 1.79 - 0.92 
(ii) MR ratios of batch G measured at 90° 
Table 5.3.2: MR ratios of batch G measured at (i) 0° and (ii) 90°. The dash denotes the absence of 
measurement data  
 
 The MR ratios lie in a range of between 0.50%-2.0%, which is very small. We 
will examine the reasons in later sections.  
 
Relationship between MR ratio and area 
The MR ratios of the devices are plotted against their junction areas. For the 
devices with the same junction areas, the MR ratio for the deivcewith the higher aspect 
ratio is adopted.  
 





















Figure 5.3.4: MR ratio versus junction area(103µm2) 
 
 It can be seen from figure 5.3.4 that the MR ratio appears to increase with the 
junction area. A similar trend was found by W. J. Gallagher et al[2] and Y. Lu et al[3]. 
However, there is no direct evidence that the MR ratios are affected by the junction areas 
of the devices. Instead, the authors pointed out the trend is due to a non-uniform current 
distribution effect as discussed by J. S. Moodera et al[4]. We conclude that the trend seen 
is due to this effect too. 
 
 A more representative way may be to compare devices of the same aspect ratio 
but different junction areas. Due to the limited data available, we can only examine the 
devices A1, B2, C3 and D4. It can be observed from table 5.2.1 that the MR ratios 
























































































(iii) GB4_90, 500 µm x 100 µm, MR ratio: 1.79% (iv) GD2_90, 100 µm x 500 µm, MR ratio: 0.92%  
Figure 5.3.5: MR curves of devices i) GB4_0 and ii) GD2_0, iii) GB4_90 and iv) GD2_90. The applied 
magnetic field is perpendicular to the top electrode for (i) and (ii) and parallel to the top electrode for (iii) 
and (iv). All devices have the same junction areas 
 
Figure 5.3.5 shows four MR curves used to illustrate shape anisotropic effects. If 
we compare figure 5.3.5 (i) and (ii), it can be seen that the MR ratio difference between 
the two devices is about 33.3%. By changing the aspect ratio from 5:1 to 1:5, there is a 
significant decline in MR ratio. This change is also seen in all the corresponding pairs 
with the same junction area but different aspect ratios if we examine table 5.3.2(i). This 
includes the pairs A1-D3, B1-A2, C1-A3, D1-A4 and C2-B3. This effect is explained by 









magnetic anisotropies[8] , thus causing modifications to the tunneling responses in MTJs. 
They have shown that the MR response of the junctions can be successfully modified by 
varying the aspect ratios of the MTJs.  
 
If we examine table 5.3.2(ii), which shows the MR ratios of the devices measured 
with the bottom electrode being perpendicular to the magnetic field, it can be seen that the 
opposite effect has occurred! To illustrate, we consider figure 5.3.5(iii) which shows the 
MR ratio of device GB4 when it is measured at 90º. Its aspect ratio thus has changed from 
5:1 to 1:5. Compare it to the MR ratio of device GD2 when it is measured at 90º, which 
has its aspect ratio changed from 1:5 to 5:1. We would expect that the MR ratio of the 
latter device to be higher than the former, which turns out to be the exact opposite. This 
apparent discrepancy seems to cast doubt about the validity of the explanation given 
earlier. However, it must be noted that the shape the devices is formed by the intersection 
of two long rectangles. The shape anisotropy will thus include that of the original 
rectangles. In addition, it was also found that the shape anisotropy effects are dependent 
on the alignment of the top electrode[2], which we will examine next. 
 
Comparing the pair of figure 5.3.5(i) and (iii), as well as figure 5.3.5(ii) and (iv), 
we can examine the effects of the device orientation on the MR responses. We have 
examined this effect in an earlier section, whereby it was pointed out that the switching 
fields of the electrodes are dependent on the direction of the applied magnetic field. In 
figure 5.3.5 we see that the difference in MR ratios caused by orientating the devices can 
cause an improvement of up to 70%. In fact, this is an effect introduced by the hardness 
of the ferromagnetic materials. This effect was similarly examined by other researchers[2,9] 




and they found that when the magnetic field is aligned along the easy axis of the top 
electrode, the switching fields became more abrupt and sharp. Their observations are 
similarly seen here.  
 
It was found that when the harder ferromagnetic material is aligned parallel to the 
magnetic field, the corresponding MR ratio increases. When the harder material is aligned 
parallel to the applied field, the hard axis of the softer material is perpendicular to the 
magnetic field. Comparing it to the opposite case when the softer material is aligned to 
the applied field, and the hard axis of the harder material is now perpendicular to the 
magnetic field. Logically, it is thus easier to rotate the softer material at its hard axis 
rather than the harder material at its hard axis. Correspondingly, the former thus show 

















5.4 Shadow Mask Design II 
 Figure 5.4.1: Design Pattern of Shadow Mask II, (i) Bottom electrode, (ii) Barrier, (iii) Top electrode and 
(iv) Contact pads 
 
This mask design attempts to address shape anisotropy issues by changing the 
long strips into hour glass shapes. However, with this modification, the number of devices 
drops from 16 to 4.  




The lines separating the four devices are included here to help the reader 
distinguish each device. The small rectangle at the top left hand corner is for the 












Figure 5.4.2: Merged pattern of Figure 5.4.1. Blue rectangles show the actual device 
 
Figure 5.4.2 depicts how the pattern will look upon completion, with the blue 
rectangles showing the location of the devices. The sizes of the devices, starting from the 
top left in a clockwise manner, are 400 µm x 200 µm, 400 µm x 300 µm, 400 µm x 400 
µm and 400 µm x 500 µm. These areas are comparable to the larger sizes of the earlier 
mask designs. Another reason for the adoption of these dimensions is due to 
manufacturing constraints. The aspect ratio for the devices in this mask is calculated by 
dividing x by y as shown in the inset in figure 5.4.2. The areas and aspect ratios of all the 
devices are shown in table 5.4.1. 



















Junction Area (103 µm2) 
/ Aspect ratio of 
A B 
1 80 / 2 120 / 1.33
2 200 / 0.8 160 / 1.0 
Table 5.4.1: Areas and aspect ratios of various designs 
 
 As mentioned in section 5.2, the measurements can be made in two perpendicular 








5.5 Shadow Mask II Magnetic Tunnel Junctions with Co Electrode 
 As mentioned in section 5.3, the devices fabricated on Si do not show any 
tunneling characteristics, while the devices fabricated on glass do. Since Si wafers are 
easier to handle for large scale fabrication, the devices are then fabricated on oxidized Si 
wafers with about 300 nm of oxide, and having a resistivity of about 80-140 ohm-cm . 
The devices were made on the new oxidized Si samples. Similar fabrication and 
measurement techniques are used for these batches as batch G described in section 5.3.  
 
5.5.1 Deposition conditions   
The deposition conditions used for the fabrication of the MTJs using shadow mask II 
follow that used for the fabrication of shadow mask I. For convenience, the deposition 
conditions are reproduced in table 5.5.1. 
 
Ambient 
Layer Material/Thickness Conditions 
Gas 
Pressure / Flow Rate
  (mTorr / sccm) 
Bottom 
Electrode 
Ni80Fe20 / 50 nm 
DC Power = 200 W 
RF Bias = 20 W 
Ar 10 / 10 
Al / 0.9 nm, 0.6 nm DC Power = 30 W Ar 3 / 10 
Barrier 
Oxidation / 40 s, 30 s RF Bias = 5 W Ar+O2 15 / 15 
Top Electrode Co / 25 nm DC Power = 100W Ar 10 / 10 
Contact Pads Al / > 200 nm DC Power = 200 W Ar 10 / 10 
Table 5.5.1: Deposition conditions used 
  
 This batch is named as batch N. The reference sample is named as reference B. 
 





























Figure 5.5.1: Hysteresis Loop of reference sample B 
  
 The hysteresis loop of reference sample B is similar to that of reference sample A 
shown in figure 5.3.1. We can be deduce that the switching field for the Ni80Fe20 layer is 
around 15 Oe, while the switching field for the Co layer is around 90 Oe.  
 
5.5.3 I-V Measurements 


















Figure 5.5.2:   I-V curve of a representative sample from batch N 
 
 Figure 5.5.2 shows the I-V curve of one of the devices in batch N. The I-V 
characteristic is similar to that shown in figure 5.3.2, with a barrier thickness of around 
16Å and height of 1.0 eV. 
Switching field 
at ~ 90 Oe 
Switching field 
at ~ 15 Oe 




5.5.4 MR Measurements 
 The batch N samples are measured individually using the four-point probe. The 


















































































  (iii) Device NA2_0   (iv) Device NB2_0 
Figure 5.5.3: MR curves of (i) NA1_0, (ii) NB1_0, (iii) NA2_0 and (iv) NB2_0 
 
The devices are measured with the bottom electrode, Ni80Fe20, parallel to the 
magnetic field. Compared to the ideal curve shown in figure 5.1.2, it can be observed that 
the curves are slightly slanted. In addition, the curves have small sharp peaks. Using the 
method of estimating the switching field as described in section 5.3.4, the switching field 
H H
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of the bottom electrode is around 8 Oe. The switching coercivity of the top electrode is 
estimated to be around 50 Oe. If we compare it to the bulk values of 15 Oe and 90 Oe 
respectively, we find that the switching fields of the devices are much smaller. This is 
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  (iii) Device NA2_90   (iv) Device NB2_90 
Figure 5.5.4: MR curves of (i) NA1_90, (ii) NB1_90, (iii) NA2_90 and (iv) NB2_90. 
 
For this set of measurements, the top electrode, Co, was aligned parallel to the 
magnetic field. It can be observed from figure 5.5.2 that all the curves are broad and have 
flat peaks. The switching of Co in figure 5.5.2 is more square-like compared to the 
H H
H H




switching of Co in figure 5.5.1. The switching field of the bottom electrode, Ni80Fe20, can 
be estimated to be around 5 Oe, while that of Co is around 30 Oe.  
 
Comparing the curves in figure 5.5.1 with figure 5.5.2, where they differ by the 
orientation of the top electrode, we see that there is a significant improvement in the 
switching fields when the top electrode is aligned parallel to the magnetic field. This 
effect is similar to that seen earlier in section 5.3.4, where this effect is attributed to the 
shape anisotropy.  
   
MR ratios of Batch Nxx_0 (%) A B 
1 0.76 0.80
2 0.93 0.84
(i) MR ratios of batch N measured at 0º 
MR ratios of Batch Nxx_90 (%) A B 
1 0.82 0.89
2 1.00 0.84
(ii) MR ratios of batch N measured at 90º 
   Table 5.5.2: MR ratios of batch N measured at (i) 0º and (ii) 90º 
 
 It can be seen from table 5.5.2 that the MR ratios for the devices when the top 
electrode is aligned parallel to the magnetic field are higher than when the top electrode is 
aligned perpendicular to the magnetic field. This phenomenon has earlier occurred for 
batch G and the main reason was the additional magnetic anisotropies due to the shapes 
and dimensions of the devices. 
 
 




5.5.5 Comparison of Batch N with Batch G 
In this section, we will review the characteristics of the batches N and G to 
determine if there are any improvements in MR response due to the new mask design.  
 
Resistance values  
 Comparing the resistance values of batch N and batch G, we find that for the same 
shape (NC3 and GC3), their resistance values differ greatly. There are several possible 
reasons. One of the reasons is the difference in substrate, which is glass for batch G and 
oxide coated silicon for batch N. Since the resistance of the silicon sample is around 80-
140 ohm-cm, some current could be shunted into the substrate. In addition, since the two 
batches are not fabricated around the same time period, the change in chamber conditions 
could be a contributory factor. The shapes of the electrodes for the two batches are also 
different, with batch N being an hourglass shape while for batch G is a long rectangle. 
More discussion is provided in a later section. 
 
Shape anisotropy effects 
Comparing the curves of batch N(fig. 5.5.1) and batch G(fig 5.3.3), we can see 
that the slope of the curves of batch N is less slanted and approximates more to the ideal. 
If we look at the curves of batch N with the top electrode parallel to the magnetic field 
(fig 5.5.2), and comparing them with batch G(fig 5.3.3), we see that the batch N curves 
are flatter at the peak. Moreover, the switching of the top electrode is more square-like. 
This implies that shape anisotropic effects are less prevalent for batch N, which is 
fabricated using shadow mask II. The shadow mask II thus managed to reduce the shape 
anisotropy caused by the long rectangular strips of shadow mask I. 




5.6 Magnetic Tunnel Junctions with Co-Ta Electrode 
In Chapter 4, we have examined the properties of Co-Ta with different percentage 
of Ta. It was found that the coercivity of the Co-Ta films was higher when Ta is around 
15%. As such, this composition of Co-Ta was used as the top electrode for the fabrication 
of the MTJ devices.  
 
5.6.1 Deposition Conditions 
Similar to section 5.5.1, the deposition conditions are tabulated here for easy 
reference. 
Ambient 
Layer Material/Thickness Conditions 
Gas 
Pressure / Flow Rate
  (mTorr / sccm) 
Bottom 
Electrode 
Ni80Fe20 / 50 nm 
DC Power = 200 W 
RF Bias = 20 W 
Ar 10 / 10 
Al / 0.9 nm, 0.6 nm DC Power = 30 W Ar 3 / 10 
Barrier 
Oxidation / 40 s, 30 s RF Bias = 5 W Ar+O2 15 / 15 
Top Electrode 
Co / 25 nm 
Ta / 3.75 nm (15%) 
DC Power = 100W 
RF Power = 50 W 
Ar 10 / 10 
Contact Pads Al / > 200 nm DC Power = 200 W Ar 10 / 10 
Table 5.6.1: Deposition conditions used  
 
The patterned samples made using the above conditions are named as batch P 

































Figure 5.6.1: Hysteresis Loop of reference sample C 
  
It can be seen from figure 5.6.1 that the switching field for the Ni80Fe20 layer is 
around 15 Oe, while the switching field for the Co-Ta(15%) layer is around 75 Oe. 
Comparing with reference B in figure 5.5.1, the switching fields for both bottom 
electrodes are similar, while that of the top electrode differs by about 15 Oe.  
 
5.6.3 I-V Measurements 


















Figure 5.6.2: I-V curve of a representative sample from batch P 
  
Switching field 
at ~ 75 Oe 
Switching field 
at ~ 15 Oe 




 The I-V curve of figure 5.6.2 shows a non-linear relationship between the voltage 
and current, thus signifying the presence of a non-metal. The barrier thickness is 16 Å and 
height of 0.98 eV. 
 
5.6.4 MR Measurements 
 The batch P samples are then measured using four-point probe and the MR curves 












































































  (iii) Device PA2_0   (iv) Device PB2_0 








Figure 5.6.3 shows the MR curves with the bottom electrode aligned along the 
magnetic field. It can be seen that the curves are similar to that of the earlier two batches. 














































































  (iii) Device PA2_90   (iv) Device PB2_90 
Figure 5.6.4: MR curves of (i) PA1_90, (ii) PB1_90, (iii) PA2_90 and (iv) PB2_90 
 
 The Co-Ta layer is aligned parallel to the magnetic field for this set of 
measurements. The curves in figure 5.6.4 have broad and flat peaks. We can estimate the 
switching field of the bottom electrode, Ni80Fe20, to be around 3 Oe. The switching field 
of Co-Ta(15%) is around 25 Oe.  
H H
H H




 Once again, we notice the effects of magnetic and shape anisotropies playing a 
significant role in the MR response of the devices. Looking at table 5.6.2, which details 
the MR ratios of the devices orientated at both 0º and 90º, we can see that the MR ratios 
are higher when the top electrode is aligned parallel to the magnetic field. 
 
MR ratios of Batch Pxx_0 (%) A B 
1 0.36 0.37
2 0.21 0.65
(i) MR ratios of batch N measured at 0º 
MR ratios of Batch Pxx_90 (%) A B 
1 0.47 0.58
2 0.68 0.75
(ii) MR ratios of batch N measured at 90º 
Table 5.6.2: MR ratios of batch P measured at (i) 0º and 90º 
 
5.6.5 Comparison of Batch P and Batch N 
In this section, we will make comparisons between batch P and batch N in order to 
determine the effects of changing the top electrode from Co to Co-Ta (15%). 
 
Shape of curves 
 We have seen that the shapes of the MR curves for the two batches are similar. 
However, the switching fields of the top electrodes of the two batches are different. For 
batch N, the coercivity of the top electrode is around 30 Oe, while for batch P, the 
coercivity is around 25 Oe. This is expected as the two electrodes are different. However, 
recalling the coercivity values of the individual electrodes presented in Chapter 4, it was 
found that the values of Co and Co-Ta (15%) are 40 Oe and 60 Oe respectively.  As such, 




we would expect the switiching field of the Co-Ta (15%) top electrode to be higher than 
Co. This discrepancy is most likely due to the changes in grain sizes of the materials 
when they are stacked on top of Ni80Fe20/Al2O3, such that the magnetic properties of the 
two materials become different from their original, which was deposited on a silicon 
substrate.  
 
MR ratios of curves 
 We calculate the average MR ratio of batch N measured at 90º to be 0.89, while 
that of batch P to be 0.62. Since the only difference between the two batches lie in the top 
electrode, it would suggest that the spin polarizations of the two materials should be 
significantly different. If we use the spin polarization values by J. S. Moodera[5], where 
the spin polarization values for Co and Ni80Fe20 are given as 45% and 48% respectively, 
we can estimate the spin polarization values of Co-Ta (15%) to be around 29%. However, 
since the MR ratios obtained for the batches are not close to the theoretical values given 
by Julliére[1] and expressed in equation 2.4.11, the spin polarization value for Co-Ta (15%) 
is at best a guesstimate. However, from this guesstimate, we see that the addition of Ta 
significantly decrease the spin polarizations of Co, to the tune of 35.6%. Therefore, even 
though the MTJ device “works” in terms of giving a MR response, the performance of the 
device is still lacking. However, from this experiment, we find that if we dope Co with 
different concentrations, we can accordingly obtain different switching fields for the top 
electrodes, thus changing the range of the MR response.  
 
 Looking at the spin polarization values provided by Moodera et al[5], the spin 
polarization values of Co doped with Fe increases compared to Co alone. As Fe is a 




ferromagnetic material, the alloy of the two ferromagnetic materials will help in 
enhancing the spin polarizations. For our case, the addition of Ta to Co dilutes the 
magnetic properties of the material, thus reducing its spin polarization. As such, a 
possible improvement on this experiment is to examine a tri-element alloy Co-Fe-Ta. 
 
5.6.6 Review of Magnetic Tunnel Junctions Fabricated  
 A review of the performance of the MTJ devices fabricated is discussed here.  
 
Low MR ratios 
It was found that the MR ratios for all the devices were very low of less than 2%. 
This does not compare favourably with the theoretical value expected from Julliére’s 
model. We believe that the poor performance of the devices is due to the poor quality of 
insulating barrier[10].  
 
The poor quality of the insulating barrier is a result of the absence of an oxidation 
chamber in which oxidation of the Al metal can be performed. The imperfect oxidation 
will cause pinholes to be formed in the barrier. These pinholes act as a short circuit path 
for the conduction of electrons, thus reducing the tunneling effects. In addition, the 
quality of the barrier could be affected by the interfacial roughness introduced by the 
bottom electrode. As the maximum achievable surface roughness is about 2.0 Å, this 
contributes about 13.3% to the unevenness of the insulating barrier, assuming a thickness 
of 15 Å was used. 
 
 




Differences in resistance values 
 It has been discussed earlier that the resistance values of the devices are very 
different between the batchs fabricated using shadow mask I and II. Other works[5,11] have 
shown devices with varying junction resistances from less than 100 Ω to more than tens 
of k. The differences can arise due to differences in the barrier thickness, film quality and 
the type of ferromagnetic material used.  
 
Application in MRAMs 
 The most promising use of MTJs is in the field of MRAMs. For fast response time 
as well as noise requirements, the resistance-area (RA) product of the MRAM cells have 
to be kept below 20 kΩµm2[6]. The smallest RA product for the MTJs fabricated (batch N) 
is around 13600 kΩµm2. This is too high to be used in MRAMs. The primary problem is 
that the devices are too large. As such, in order to ensure compatibility in MRAMs, the 
MTJ devices have to be reduced to micron or sub-micron sizes. 





 In this chapter, we have examined the devices made using the two sets of shadow 
masks. In addition, we have examined the performance of the devices made using Co and 
Co-Ta (15%) as the top electrodes. It was found that the Co-Ta(15%) does not enhance 
the MR response of the devices. This is due mainly to a reduction in the spin polarizations 
of the material which was a result of the introduction of the non-magnetic Ta. This 
chapter thus concludes the experimental and analytical work of this project. The next 
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CONCLUSION AND FUTURE RECOMMENDATIONS 
 
6.1 Conclusion 
 In this project, the alloyed film Co-Ta of various percentages of Ta has been 
successfully investigated. In addition, the film has been integrated into the MTJ structure 
as a ferromagnetic layer in the top electrode. 
 
 The initial phase of this project involves the design of shadow masks for the 
fabrication of MTJ devices. A set of four masks was made. At the same time, the 
deposition conditions of the various films were determined and the MTJ structure 
comprising of the tri-layer Ni80Fe20/Al2O3/Co was made. It was found that the 
magnetoresistance response is not ideal. The switching fields of the layers are too 
gradual, and the primary cause was due to the design of the shadow masks. 
 
 Another set of shadow masks was designed to address this problem. Using this 
new set, a set of MTJ devices were fabricated and tested. It was found that this new set 
allows the FM layers to have a more abrupt switch, which is close to the ideal. The 
difference in the two sets lies in changing the long strips into hour glass shapes. 
 
The alloyed thin-film Co-Ta was examined next. It was found that this thin film 
has strikingly different properties when slightly different concentrations of Ta were added 
into the Co film. More importantly, Co-Ta shows varying coercivities for different 




amounts of Ta added. The effects seen were attributed to many factors, namely crystal 
orientation changes, different crystallinity, different grain sizes and different magnetic 
domains configurations.  
 
 The Co-Ta film was duly incorporated into the MTJ, and the characteristics of the 
devices measured. It was found that the performance of the devices with Co-Ta was not 
as good as that without Ta added. The main reason attributed to this is that the presence of 
the non-magnetic Ta has caused a decrease in the spin-polarization of the material.  
 
 




6.2 Problems Encountered 
 There are many difficulties and problems encountered during the course of this 
project. They mainly occur during the deposition of thin films as well as fabrication of the 
devices. 
 
Contamination of targets 
 Cross contamination of targets is a serious problem because of the close proximity 
of the targets in the sputtering chamber. In addition, the targets are often oxidized during 
the formation of the insulating barrier. This is due to the absence of a separate oxidation 
chamber in the sputtering system. In order to overcome these problems, frequent pre-
sputtering of targets is performed in order to remove the contaminants off the targets. 
 
Poor quality of insulating barrier 
 The MTJs suffer from a low MR ratio is believed to be due to the poor quality of 
the insulating barrier. As our present facilities do not include an oxidation chamber, the 
oxidation of Al was done in the sputtering chamber with a mixture of Ar/O2 gas under the 
influence of a RF bias. As the gas is not totally pure, the resulting oxide formed will not 
be of the highest quality.  
 
From the works of many researchers, we have seen how the use of an oxidation 
chamber allows their devices to show much higher MR ratios. We thus conclude that the 
availability of an oxidation chamber is necessary if we are to improve on the quality of 
the insulating barrier.  
 




Shadow mask problems 
 As the shadow mask cannot be perfectly secured during deposition, there is a 
possibility of the mask shifting during the rotation of the substrate. This causes the actual 
sputtered area to be slightly larger than the design. Moreover, as the edges of the pattern 
cannot be sharply defined, it was found that the edges of the deposited films have a 
gradual slope.  




6.3 Future Recommendations 
 There exist many avenues for future research in this area. Below are some of the 
recommendations. 
 
Fabrication of small MTJs 
 The existing MTJs made using the shadow masks are big and are affected by the 
designs of the mask. In order to eliminate the effects due to the shape of the bottom 
electode, it is necessary to use photolithographical methods to fabricate the MTJs. The 
use of photolithography allows MTJs of specific sizes to be fabricated, thus eliminating 
the present problems due to the shapes of the bottom electrode. 
 
 After photolithography, Electron Beam lithography can be employed to define 
sub-micron size patterns to fabricate nanoscale devices.  
 
Insulating Barrier 
 Recent reports of half-metals like Fe3O4[1,2] suggest a possibility of using this 
material as the barrier of the MTJ. However, it is known that the deposition of this 
material to obtain the required properties is very challenging. 
  
Deposition conditions 
 The setup of the evaporator and sputtering machine only allows room temperature 
and high temperature deposition. Low temperature deposition methods may be able to 
produce higher quality films. This can be done by having a cooling chamber next to the 




deposition machines such that the samples can be cooled and then films can be 
immediately deposited. 
 
 Another addition to the deposition condition is the application of a magnetic field. 
The presence of a magnetic field during deposition allows the inducement of an easy axis 
in the samples. This is especially useful if exchange biasing is to be employed. 
 
References: 
[1] C. M. Fang, G. A. de Wijs and R. A. de Groot, J. Appl. Phys., 91, 8340, (2002). 








APPENDIX A: SHADOW MASK DESIGN I 
 Shadow mask I contains four masks. All dimensions listed are in micrometer. 
 
 






































APPENDIX B: SHADOW MASK DESIGN II 
Shadow mask II contains four masks. All dimensions listed are in micrometer. 
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